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1SUMMARY
This project was directed at investigating the possible 
relationship between dorso-lumbar spinal mobility and potential 
injury risk arising as a result of induced changes in the running 
pattern, as determined by measurements of selected variables used 
to describe running gait. Spinal motion restriction was 
simulated by using mouldable casting techniques to fix the 
selected regions of the lumbar spine. It's effectiveness was 
assessed independently by clinical, quantitative means.
Selected kinetic, kinematic and temporal variables were 
measured using hardwire methods for EMG and foot fall data, video 
photometry for centre of mass kinematics and foot fall data, 
oxygen consumption for energy data, and force platform for foot 
contact forces.
The experiments measured changes in the variables before and 
after spinal restriction during treadmill running and indoor 
running on force walkways. The data showed that spinal 
restriction shortened stride length, increased the amount of EMG 
activity of the erector spinae and rectus femoris muscles, 
altered Fy and Fz ground reaction forces, decreased the vertical 
movement of the centre of mass, and caused an increase in energy 
utilization during running. Such results could contribute to 
earlier fatigue and overuse injuries during running.
The outcome of this analysis has contributed to our 
understanding of the importance of spinal mobility on the 
potential risk of injury in runners.
2ACKNOWLEDGEMENTS
I would like to thank Drs. Mario Marchetti and Aurelio 
Cappozzo of the University of Rome, for allowing me to use their 
research facilities to collect EMG data. Their timely advice and 
practical demonstrations helped me to avoid many of the mistakes 
so common to the novice researcher in gait analysis. It is no 
exaggeration to say that months of lost time were avoided by 
working with them.
Upon very short notice, Dr. Paul Grimshaw allowed me to use 
the force platform at the West London Institute, College of 
Brunei University. I am indebted to him for taking the time to 
personally demonstrate the data collection and analysis procedure 
used in the lab. His suggestions on data analysis were very 
valuable. Without his help, this portion of the project would 
have been very difficult to complete.
I am deeply indebted to the Robens Institute, and Professor 
David Stubbs, the director, who allowed me unlimited use of the 
EMG .equipment, the treadmill, and the 02/Co2 collection system. 
His suggestions on the pitfalls associated with energy 
calculations were most valuable. While at the Robens Institute, 
I had a great deal of help from Mr. Bob Fernandes. He 
unselfishly gave his time and expertise during every experiment. 
His technical advice and trouble-shooting ability helped all of 
the experiments to proceed with virtually no delays. His 
suggestions on the use of the video recorder enabled me to 
collect foot switch data that was very easy to capture and 
analyze. He also provided equipment for analyzing EMG data, 
which saved much valuable time.
3I am indebted to Professor Martin Crowder of the Mathematics 
Department at Surrey University. His advice on statistical 
analysis proved to be very valuable.
I would like to thank Dr. George Sutton, Dean of the College 
of Engineering and Technology at Youngstown State University, 
Ohio, U.S.A. Dr. Sutton allowed me to use the computing and 
video facilities at the University, to finish analyzing video 
data that was collected at the end of this project. He made the 
facilities available at very short notice'. Without his help, 
this data would not have been analyzed within the time limits of 
the project, and would not have been included in the final 
write-up.
The biggest acknowledgement must go to my supervisor, Mr. 
Steve Hughes, Director of Biomedical Engineering at Surrey 
University. I am grateful for his help during the planning stage 
of the research project, and for the hours of discussion that led 
to necessary changes in direction. But more important was his 
willingness to keep encouraging me not to give up during some 
very difficult times. It was this encouragement during the years 
when nothing seemed to go right that made me want to try again, 
just one more time.
Finally, I would like to thank my wife Mary and son Joseph 
for their patience and support during these years of research. 
It would have been impossible to complete such a project without 
their sacrifices and spirit of cooperation.
TABLE OF CONTENTS
CHAPTER TITLE PAG]
SUMMARY 1
ACKNOWLEDGEMENTS 2
CHAPTER 1 INTRODUCTION
SECTION 1-1.0 Initial idea development 7
SECTION 1-2.0 Hypothesis aims and objectives 8
SECTION 1-2.1 General method objectives 15
SECTION 1-2.2 Specific project objectives 15
for data collection and
analysis
SECTION 1-3.0 Significance 17
CHAPTER 2 REVIEW OF RUNNING, 22
GAIT MODELS. AND NEUROLOGY
SECTION 2-1.0 Running 22
SECTION 2-2.0 Modelling of the spine 29
SECTION 2-2.1 Why running is important 36
SECTION 2-3.0 Neuroanatomy and neurology 37
CHAPTER 3 LITERATURE REVIEW AND METHODS 43
SECTION 3-1.0 Methods summary 43
SECTION 3-2.0 Measurement of temporal 43
parameters of gait and
purpose
SECTION 3-2.1 Previous work and discussion 44
SECTION 3-2.2 Foot switch methods 46
SECTION 3-2.3 Problems 48
SECTION 3-3.0 Measurement of vertical movement 49
of the body's centre of mass 
(COM) and purpose 
SECTION 3-3.1 Previous work and discussion 49
SECTION 3-3.2 Method 50
SECTION 3-3.3 Problems 51
SECTION 3-4.0 Measurement of metabolic 52
energy cost and purpose 
SECTION 3-4.1 Previous work and discussion 52
SECTION 3-4.2 Methods 56
SECTION 3-4.3 Problems 60
SECTION 3-5.0 Measurement of force platform 62
data and purpose 
SECTION 3-5.1 Previous work and discussion 63
SECTION 3-5.2 Methods 69
SECTION 3-5.3 Problems 71
SECTION 3-6.0 Measurement of electromyographic 72
data and purpose 
SECTION 3-6.1 Previous work and discussion 72
SECTION 3-6.2 Method 77
SECTION 3-6.3 Problems 83
SECTION 3-7.0 Measurement of casting data 83
and purpose
SECTION 3-7.1 Previous work and discussion 83
SECTION 3-7.2 Method 90
SECTION 3-7.3 Problems 93
SECTION 3-8.0 Selection of volunteers, 
inclusion/exclusion criteria
93
SECTION 3-8.1 Health screen 95
SECTION 3-8.2 Potential risks 96
SECTION 3-8.3 Background of subjects 97
SECTION 3-9.0 Statistical methods 98
SECTION 3-10.0 Problems 99
SECTION 3-11.0 Subject anthropometric data 101
CHAPTER 4 RESULTS AND DISCUSSION 105
SECTION 4-1.0 Foot switch data 105
SECTION 4-2.0 Photometric data 123
SECTION 4-3.0 Energy changes 125
SECTION 4-4.0 Force platform 131
SECTION 4-5.0 Electromyography (EMG) 154
SECTION 4-6.0 Casting 217
CHAPTER 5 CONCLUSIONS 224
APPENDIX 241
REFERENCES 249
7CHAPTER 1 INTRODUCTION
SECTION 1-1.0 INITIAL IDEA DEVELOPMENT
The author's interest in the role of the lumbar spine in 
gait came about as a direct result of a clinical study done by 
him about 6 years ago. In it, 18 athletes suffering from low back 
or leg problems were treated with manipulation. Nine of them 
were symptom free after treatment. Seven of them could resume 
training, but had some discomfort after a hard training session. 
Two showed no improvement. In 9 of the subjects, there were 
losses of mobility in the lumbar spine, as assessed by motion 
palpation. Two of the athletes who had a considerable decrease 
in lumbar mobility were filmed running. It was noticed 
subjectively on the film that there was very little rotatory 
motion of the trunk and upper body as they ran. It was decided 
that although the film showed the lack of motion, it would be 
necessary to devise an experiment to investigate what influence 
the lack of lumbar spine motion might have on running gait. It 
was considered appropriate to complete this before considering 
the association between reduced spinal mobility and the tendency 
to injury.
Data collection for this experiment took place in four 
locations. Electromyographic and foot switch data were collected 
at the University of Rome, La Sapienza, in Rome, Italy. 
Electromyographic, foot switch, photometric, ranges of motion, 
and energy data were collected at the University of Surrey and 
the Robens Institute in Guildford. Force platform and ranges of 
motion data were collected at the West London Institute College 
of Brunei University, London.
8SECTION 1-2.0 HYPOTHESIS. AIMS, AND OBJECTIVES
The underlying hypothesis applied to this project was that 
spinal mobility has measurable influences on running. The 3 
assumptions used in designing the project research plan were:
1. Overall lumbar mobility can be restricted in subjects 
by casting their lumbar spines with synthetic mouldable casting 
material. This relative immobilisation was the independent study 
parameter.
2. The decrease in mobility of the lumbar spine can induce 
differences in the metabolic energy cost of running, and in 
selected variables which describe the running pattern, eg: 
electromyography (EMG), foot switch, absolute vertical movement 
of the centre of mass (COM) of the body, and force platform 
variables. The changes in these dependent variables (energy, 
EMG, foot switch, COM, force platform) will be of sufficient 
magnitude to be experimentally measurable.
3. The changes in the selected dependent variables 
described above will be sufficiently sensitive to allow analysis 
of the relation between lumbar mobility and the selected 
variables associated with running gait.
The general aims of this project were to show that there 
were demonstrable, significant effects of restricting the 
mobility of the dorso-lumbar spine in runners, and that such 
mobility restrictions could contribute to running related 
injuries
In order to demonstrate whether the underlying hypothesis 
was correct, the assumptions were valid, and the general aims 
were achievable, 3 overall project objectives had to be completed
9and integrated. They are summarized here, and expanded upon 
directly afterwards.
1. Demonstrate how and why spinal mobility is important 
during running.
2. Develop a method of temporarily reducing spinal 
mobility during running.
3. Demonstrate the links, if any, between results 
obtained under the laboratory conditions of this 
experiment, and actual running situations in humans.
1. The question of whether spinal mobility is important for the 
locomotion process needed to be discussed and analyzed before 
considering how spinal mobility influenced gait. A review of 
animal studies was done to demonstrate how the spine influenced 
locomotion in animals. The review of animal studies did show 
that spinal mobility is important in locomotion.
The importance of spinal mobility to locomotion is evident 
in vertebrates. Snakes move forward by bending their bodies 
laterally, and pushing against the ground posteriorly. This 
resultant forward movement is accomplished solely by movements of 
the vertebral column. Muscular activity that moves the vertebral 
column is sufficient to overcome the coefficient of friction that 
exists between the snake's body and the ground, and propel the 
snake forward. Walton (1990) compared the energetic cost of 
locomotion in snakes, with that of limbed animals. He did this 
by measuring the rate of steady state consumption of 02. He 
concluded that the energetic cost of locomotion of snakes moving 
as described above was no different than the cost of lizards of 
similar mass as snakes, walking.
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There is another type of locomotion that a snake can perform 
when placed in an environment that does not allow for lateral 
flexion, such as a tube. It can flex and extend its spine, and 
move forward. The action resembles a concertina. It has a 
higher energy cost than the movement first described. Walton 
further concluded that the energy cost of locomotion for birds 
and mammals of similar mass as snakes was the same.
Hildebrand (1960) discussed the adaptations that enable 
certain quadrupeds to run several times faster than man. Spinal 
extension contributes to increased stride length. The cheetah, 
which is the fastest land animal, demonstrates more spinal 
flexion and extension when running, than other animals filmed. 
Tricker (1967) concluded that the motion of the cheetah depended 
upon a flexible spine. The drawings of Hildebrand showed that 
this animal utilises spinal flexion and extension more than other 
animals filmed. This investigator viewed films of cheetahs 
chasing prey. The flexionXextension motion of the cheetah's 
spine was observed by this investigator on film, and was very 
evident, especially when the film was played in slow motion. It 
was noted that the greatest degree of motion appeared to be in 
the lower spine of the cheetah.
Several studies have suggested that the spine plays a role 
in human locomotion. They will be presented when reviewing the 
literature in this paper in chapter 3. A search of the 
literature did not reveal any articles that indicate that spinal 
mobility has no influence on gait.
How spinal mobility affected gate had to be determined by 
several methods. Here, as in many experiments, practicality, 
time limitations, and equipment availability helped to determine
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which kinetic variables (variables concerned with the forces that 
cause movement), and kinematic variables (variables that describe 
movement without considering the forces causing the movement) 
were to be measured. It was decided to limit the investigation 
to EMG data on selected muscles that were believed to be 
important in gait. The selection of muscle sites was based on 
previous literature, and a review of muscle anatomy and function. 
One of the muscles selected contributed directly to spinal 
motion, so it was included. The others were in the leg, and were 
involved in various phases of gait. A Kistler force platform was 
employed to obtain kinetic data, a method of obtaining foot 
switch data was devised in order to give us temporal data, and a 
method was employed to measure the energy changes secondary to 
spinal restriction. The data obtained and analyzed in this 
experiment answered at least in part, how the spine affects gait.
2. In order to measure the influence of spinal mobility on 
selected variables, a method had to be devised that demonstrated 
objectively a reduction in spinal mobility. The casting method 
selected did that, as range of motion results in chapter 4 
demonstrated. A discussion of the casting procedure and 
rationale is given in chapter 3.
3. It was considered important that there be a link between the 
results obtained in our experimental laboratory situation, and 
the physiological conditions under which runners actually run, if 
the results were to have any practical meaning. Otherwise, the 
results would have proven very interesting, but not necessarily 
practical. The success of this objective depended upon a 
discussion of the physiological and biomechanical similarities 
and differences found between the experimental and actual running
12
situations, and an interpretation of such information. This 
discussion is in chapter 5.
Conditions that are known to be present in over-use running 
injuries are discussed in chapter 5. This was based upon 
clinical and diagnostic information obtained from sports 
medicine. The conditions present when spinal mobility was 
restricted in runners showed similarities to conditions that lead 
to overuse injuries.
Conditions that occur when a runner is fatigued, and how 
they can contribute to injuries, is also discussed in chapter 5. 
This was an important step because it is accepted amongst all of 
the disciplines involved in treating sports injuries that fatigue 
renders an athlete more susceptible to injury. Certain kinetic 
and kinematic changes occurred when spinal mobility was
restricted. The conditions present when spinal mobility was 
restricted showed similarities to conditions present with 
fatigue.
The similarities and differences between the experimental 
condition of spinal restriction found in our experiment, and the 
physiological and pathological conditions that lead to overuse 
injuries, are discussed in chapter 5. The data that has been
collected and analyzed in this experiment has shown certain
statistically significant results. In order to determine why
these were important, the leap from the experimental results 
obtained under our controlled but artificial conditions, to how 
the results apply to the real world of runners and injuries, had 
to be somewhat hypothetical. We were certainly able to 
significantly reduce spinal motion during running. We obtained
13
statistically significant results regarding temporal, kinetic, 
kinematic and energy variables.
But real runners don't run with casts on. They may have 
motion restrictions, but it is doubtful that they are as gross as 
the ones we introduced with the cast. However, restrictions of 
spinal motion can cause changes in proprioception, and efferent 
activity locally and distally. These changes may be of a 
sufficient magnitude to cause kinetic, kinematic, and energy 
effects similar to the ones we obtained with the cast. Extending 
the hypothetical argument, the changes that occur due to spinal 
restriction, could duplicate conditions that predispose a runner 
to an overuse injury. An overuse injury can result from activity 
due to a bodily structure being unable to adapt to the repetitive 
load imposed upon it. The runner who develops patellar or 
achilles tendon pain after upping his training mileage, would be 
an example. This is to be distinguished from the acute traumatic 
injury, such as breaking an ankle by stepping into an unseen pot 
hole. Reasons why overuse injuries could occur due to spinal
restriction would be:
A. more energy is required to perform the same amount of 
work when spinal motion is restricted, thus leading to earlier 
fatigue. It is not a hypothetical argument that fatigue renders 
an athlete more prone to injury. Fatigue results in an increase 
in perceived effort required to exert a desired force. 
Eventually, the person will not be able to produce this force 
(Enoka 1992). There is also a progressive decrease in the rate 
of relaxation in the whole muscle (Edwards 1975), and a decrease 
in the motor neuron discharge rate (Dietz 1978).
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B. decreased spinal mobility could affect other joint 
ranges of motion either mechanically, or through altered afferent 
proprioceptive input. This would require the affected joints and 
muscles to work more in order to compensate for the restriction 
of their normal motion. It is not a hypothetical argument that a 
joint working outside of its normal range of motion can be more 
easily injured.
If metabolic activity were increased significantly during 
casted running, the increase would most likely be due to changes 
in muscular activity, or the weight of the cast. The possibility 
of the weight of the cast influencing results was ruled out. 
This is discussed in section 3-7.1. Any muscle showing a 
significant increase in EMG activity during casted running would 
be responsible at least in part, for the increase in metabolic 
activity. Changes that might occur in force platform data, 
centre of mass movement, or stride length characteristics would 
ultimately depend on changes in muscular use. It is in the 
muscles showing increased activity that one would expect to find 
an increased potential for injury. It is possible that the 
supporting structures, such as ligaments, could also be prone to 
injury, since joint reaction forces could be altered with 
alteration in muscle use patterns.
It would not be possible to prove directly that spinal 
mobility restriction causes a specific running injury. Clinical 
methods of measuring individual vertebral mobility are too 
subjective, and most running overuse injuries occur in the lower 
extremity, not in the spine. However, the results obtained in 
this experiment demonstrated circumstantially that an overuse 
injury could occur if spinal mobility is decreased.
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SECTION 1-2.1 GENERAL METHOD OBJECTIVES
1. Develop a technique for restricting lumbar mobility. It had 
to be reliable, and easy to duplicate from lab to lab. There 
also had to be a way of quantifying how much lumbar mobility had 
been restricted.
2. Measure the metabolic energy cost of steady state running in 
the control and experimental groups.
3. Measure the main variables which relate to running gait in 
the control and experimental groups.
a. EMG signals from up to 4 muscle groups
b. foot contact forces
c. vertical movement of the COM
4. Make inter-comparisons of the data thus derived and analyze 
possible interaction mechanisms between lumbar spinal mobility, 
metabolic energy cost, muscle performance, and gait patterns.
SECTION 1-2.2 SPECIFIC PROJECT OBJECTIVES
FOR DATA COLLECTION AND ANALYSIS
1. Individual metabolic energy cost objectives. These
objectives were chosen because 02 consumption is an indication of 
metabolic activity. If it is increased or decreased, some 
metabolic process has been altered, more than likely muscle 
activity.
a. Measure the 02 consumed, and the C02 produced during 
steady state, aerobic running.
b. Compare and contrast this in the uncasted (control) and 
casted (experimental) groups.
2. Individual EMG objectives. These objectives were chosen 
because an increase in muscle activity seems to be the most
16
likely explanation for an increase in 02 consumption during 
running. It was anticipated that some change in 02 consumption 
might be seen in our casted running trials.
a. Collect and analyze EMG data on the following 
muscles during treadmill running:
erector spinae biceps femoris
quadriceps gastrocnemius
b. Compare and contrast the above in the uncasted 
(control) and casted (experimental) groups.
c. Compare and contrast the above for right/left 
symmetry patterns.
3. Individual foot switch objectives. These objectives were 
chosen because changes in stride length or stride rate indicate 
alterations in muscle use patterns.
a. Determine the length of time that each leg spends in 
stance and swing phases of gait.
b. Compare and contrast the above in the uncasted 
and casted groups.
c. Compare and contrast the above for right/left 
symmetry patterns.
4. Individual COM objectives. These were chosen because 
changes in the movement of the COM depend upon the factors 
responsible for moving the COM -the muscles.
a. Compare and contrast vertical movement of the 
body's COM in the uncasted and casted groups.
5. Individual force plate objectives. These objectives were 
chosen because any change in ground reaction forces ultimately 
depend upon changes in muscle use patterns during running.
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a. Calculate reaction forces during running, in the x, 
y,and z axes.
b. Compare and contrast the above in the uncasted and 
casted groups.
6. Objectives of EMG and foot switch data collected 
simultaneously. These objectives were chosen because EMG 
activity can be defined in the time domain by foot fall data.
a. Define all EMG data with respect to time.
b. Compare and contrast the above in the uncasted and
casted groups.
The completion of these objectives allowed data analysis to 
be used to help answer how the mobility of the spine influences 
kinetic and kinematic variables of gait.
SECTION 1-3.0 SIGNIFICANCE
In athletics, mobility (flexibility) of joint complexes is 
essential not only for maximum performance, but also for 
prevention of injury. Whether the athlete is competing at a very 
high level, or only trying to keep fit, the aspect of injury 
prevention is of paramount importance. If the stress of a 
sporting event such as running is imposed on a joint with
decreased mobility, injury is more likely to occur at the joint,
and possibly at other sites.
During running, an activity common to many sports, the trunk 
rotates in the direction opposite to rotation of the pelvis. 
This motion minimises energy transfer between the two body parts, 
and ensures a smooth movement. In order for this motion to 
occur, the active mobility of the lumbar spine is very important. 
If it is decreased, the metabolic cost of running is higher.
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This shows up as an increase in energy utilisation, and changes 
in various kinetic and kinematic measurements. Such changes 
could lead to early fatigue, and hence make the subject more 
prone to injury.
It is estimated that there are about thirty million 
Americans who run occasionally, and ten million who run on a 
regular basis (Lutter 1980). The increase in running has seen a 
parallel increase in running injuries (Clement 1981, Stanish 
1984). Marti (1988) cites the Swiss Sports Federation's 
statistic that 8% of the population in Switzerland jogs 
regularly. The breakdown of running injuries that force runners 
to curtail training are as follows: (Marti 1988)
ankle/foot 28.5%
calf/achilles/tibia 29.9%
knee 27.9%
thigh 5.0%
low back/hip/groin 8.3%
f orearm/hand 0.3%
other 0.8%
Sperryn (1983) reports that low back pain secondary to 
training, is common in distance runners. The United Kingdom has 
similar trends for both number of runners and injuries, as does 
the United States. Marti (1988) examined the hypothesis that 
running injuries could be diminished if the total distance run 
every week was divided into shorter sessions. Four hundred and 
fourteen runners who ran similar distances, about 24 km per week, 
were split into three groups. One group completed the distance 
in 2 weekly sessions, another in 3 sessions, and another in 4 
sessions. His results showed that there was no significant
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difference in injuries. This implies that, for a particular 
level of fitness, the limit to the distance that a runner can run 
without suffering an overuse injury is not dependent upon the 
number of training sessions used to complete the distance.
Overuse injuries are due to overloading or repeated
microscopic injuries to the musculoskeletal system (Teitz 1989) . 
There is a limit to the load that a tissue can withstand. Even a 
normal load can cause injury if the frequency is too high
(Peterson 1986) . This is why runners seem to suffer more 
injuries when they up their weekly mileage too fast, or try and 
drastically decrease their times for a particular distance.
If a muscle has an increased level of activity for a given 
task, one would expect to find an increased potential for injury. 
It is also possible that some of the joint stabilizing
structures, such as ligaments and joint capsules, could be prone 
to overuse injury, since joint reaction forces could be altered 
with changes in muscle use patterns. A significant increase in 
muscle activity during casted running would most likely be due to 
changes in muscular activity. (The possibility of the weight of 
the cast influencing muscle activity was ruled out for valid 
reasons. These are discussed in section 3-7.1). Changes that 
might occur in force platform data, COM movement, or stride 
length characteristics would ultimately depend on changes in
muscular activity.
There are intrinsic and extrinsic factors that can 
contribute to running injuries. Intrinsic factors would be leg 
mal-alignment, muscle imbalance, condition of muscles, ligaments, 
and joints, degree of flexibility, and other anatomical factors. 
Extrinsic factors would be training errors, faulty technique,
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poor equipment, poor conditions (Hutson 1990). The cycle in 
overuse injuries is tissue overloading, tissue injury, 
inflammation, pain, continued activity, tissue injury, etc.
The importance of low back mobility to gait is occasionally 
mentioned in the literature (Cappozzo 1981, Slocum 1962, 1969,
Blanksby 1972), but so far as the author has discovered, no one 
has experimentally limited spinal motion, and tested the effects 
on gait. Carlson (1988) did collect EMG data in runners who were 
required to perform various modifications of trunk movements. In 
one trial runners were required to maintain an increased lumbar 
lordosis whilst running. This resulted in a phase shift in the 
onset of erector spinae activity. However, the degree of 
contraction, and thus the degree of lordosis and decreased 
mobility would have been difficult to monitor and control.
Robinson and Herzog (1987) took force plate readings in 
subjects who had decreased sacroiliac mobility.* They then 
manipulated the area of immobility, retested to demonstrate that 
mobility was increased, and retested with the force plate. They 
reported statistically significant changes in vertical ground 
reaction forces. However, they relied on determining spinal 
mobility via motion palpation, a subjective technique. The 
degree of immobility was not quantified. If motion palpation 
could be made more objective, it would lend itself well to a 
future investigation involving spinal mobility restrictions in 
patients, and kinetic and kinematic changes seen pre and post 
treatment.
To the author's knowledge, this was the first experiment in 
which lumbar mobility was restricted in human subjects, and its 
effects measured via metabolic energy costs, EMG, force plate,
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temporal, and foot switch methods. These data helped us to 
understand how decreased spinal mobility might play a role in 
common running injuries.
In summary, this paper demonstrated that spinal mobility 
does have influences on gait. It was shown how spinal mobility 
influenced gait. The final step was to argue, from this data and 
from theoretical evidence, that a lack of spinal mobility can 
lead to conditions that could predispose a runner to overuse 
injuries.
i
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CHAPTER 2 REVIEW OF RUNNING,
GAIT MODELS, AND NEUROLOGY
SECTION 2-1.0 RUNNING
Running in humans is defined as a rapid form of locomotion 
with brief projections of the body over the ground alternately by 
each leg (Dillman 1975) . There is a period of time in running 
when both feet are off the ground. This is called the float or 
flight phase (Mann 1982) . In fact, both feet are never in 
contact with the ground simultaneously during running, as they 
are during part of the walking cycle. Most of the research on 
gait analysis has been done on walking rather than running. The 
study of pathology has incorporated analysis of walking 
(Kodadadeh 1988, Herzog 1988/ Jacobs 1972), since walking lends 
itself better to studying pathology than does running. Gait is 
defined in the dictionary as the manner of, or carriage in 
walking. The definition would also apply to running.
The terms stride and step referring to running are not 
consistently defined in the literature (Cavanagh 1989). Williams 
(1985) defines stride length as the distance from the point of 
initial contact of one foot to the point of initial contact of 
the opposite foot. He defines step length in the same manner, 
thus making no distinction between the two. However Vaughan 
(1984) and Cavanagh (1989) define stride as being measured from 
the initial ground contact of one foot to the next touch down of 
the same foot (e.g., ipsi-lateral foot strike to ipsi-lateral 
foot strike). Step is defined as the half of stride encompassed 
by two consecutive foot strikes (e.g., ipsi-lateral foot strike 
to contra-lateral foot strike). Most authors follow the 
definitions that Vaughan and Cavanagh use, as will this author.
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The stride in running is divided into two main parts. For 
the sake of convenience, it is usual to begin and end with heel 
strike of the same heel. This contains one entire stride, which 
is composed of a stance phase, and a swing phase. Stance phase 
occurs when the foot is on the ground. It starts with initial 
foot strike and ends with toe-off. (When speaking in general 
terms, it is better to use foot strike than heel strike to mark 
the beginning of stance, because some runners are midfoot 
strikers) . Swing phase occurs when the foot is off of the
ground. It starts at toe-off and ends at the following foot 
strike.
The following description of running considers the major 
joints and movements relevant for this research (Rasche 1974, 
Slocum 1962, Mann 1980, 1982, Subotnick 1985).
1. Pelvic rotation with spinal counter-rotation about the 
vertical axis.
The importance of this counter-rotation is stressed in the 
literature. It minimises excursions of the body's centre of 
gravity away from the vertical z axis. It also minimizes
transfer of energy between the pelvis and trunk, resulting in a 
more economical use of energy. Economy of movement is important
in running in order to delay the onset of fatigue.
2. Pelvic tilt in the anterior-posterior direction.
This movement depends upon flexion and extension movement of 
the lumbosacral spine. Decreased extension of the spine 
decreases extensor thrust of the stance leg by decreasing its 
effective lever arm. The runner who has a hyper-lordosis of the 
lumbar spine i.e., a hyper-extended position, has less forward 
displacement of the acetabulum of the swing leg during running 
because hyper-lordosis decreases rotation of the spine. Thus,
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his stride length is shortened, and he may be prone to 
overstretching the hip flexors and extensors in order to 
compensate for the loss of the spine rotation. Any repetitive 
overstretching of a muscle can lead to fatigue or damage to the
muscle. A fatigued athlete is more prone to injury.
Hyper-lordosis also causes a forward shift of the centre of 
gravity so that weight falls more on the balls of the feet. This 
can cause over-pronation of the feet. This type of athlete may 
be more susceptible to knee injury.
3. Lateral pelvic tilt.
The lowering or raising of one iliac crest in relation to 
its opposite counterpart results in a lateral pelvic tilt. This 
occurs as body weight is shifted over the stance leg. The iliac 
crest on the side of the stance leg is lower than its counterpart 
on the swing leg.
4. Hip movements.
The movements possible at the hip joint are flexion,
extension, internal rotation, and external rotation. Powerful
hip flexion occurs in running during the swing phase. This has 
the effect of driving the swing leg forward, which then helps to 
carry the body forward. Hip extension is important at toe-off. 
When coupled with lumbar extension, more thrust is given to the
body because the effective lever arm of the leg is lengthened.
External rotation is important for stride length. As the pelvis 
rotates forward, it is moving in a medial direction. This means 
that the hip must be able to externally rotate, in addition to
flex, in order to increase stride length.
5. Knee movements.
The main motions are flexion and extension. Some rotation 
of the tibia on the femur can occur when the knee is flexed 20
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degrees or more (Turek 1984) . It depends upon how much the knee 
is flexed. Knee flexion occurs during early swing phase and 
helps to keep the foot close to the buttock. This means that the 
centre of gravity of the lower limb is kept close to the fulcrum 
of the hip, and less effort is required to move it. Knee 
extension occurs prior to heel strike, and helps to increase 
stride length. At heel strike, it is important for the foot to 
be moving in a posterior direction so that body momentum will 
continue in a forward direction. This is accomplished in part by 
knee flexion. The quadriceps and triceps surae muscles contract 
eccentrically at heel strike and during early stance phase. This 
provides a braking action as the heel strikes the ground, and 
allows some of the energy generated at heel strike to be 
converted to elastic strain energy, and stored in the triceps 
surae and quadriceps muscle tendon complexes. It is then 
released when the leg extends at toe-off.
Trauma to the medial structures of the knee can occur with 
an increase in valgus stress. This can happen if the foot is 
over-pronated. The foot can be over-pronated if there is a 
weakness with the ligamentous structures comprising the arches. 
It can also over-pronate if there is hyper-lordosis of the lumbar 
spine, as was explained before.
The clinical effects of correcting for over-pronation were 
observed when the author did a clinical evaluation of a female 
runner with chronic medial collateral ligament pain of the knee. 
We filmed the patient as she ran on a treadmill. There was an 
obvious valgus deviation of the affected knee when she ran. This 
was accompanied by pain. By correcting her over-pronation 
problem with a shoe orthosis, the valgus deformity disappeared on 
subsequent trials, and the pain lessened immediately. The valgus
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deviation seen prior to the shoe orthosis, was not visible on 
film taken while she ran with the orthosis in her shoe.
6. Foot and ankle movements (Landry 1985, Blanksby, 1972, 
Slocum, 1969, Subotnick 1985).
As the heel strikes the ground, the foot is moving 
backwards, and is slightly ahead of the forward moving body. The 
foot is inverted, with the tarsal and metatarsal articulations 
loose. The position of the tibia is almost perpendicular to the 
ground. At foot strike, some deceleration of the body will occur 
due to the position of the lower limb, and due to the fact that 
the vertical line of ground reaction force does not pass through 
the body's >centre of mass at this time. Shortly after heel 
strike, the foot starts to pronate. This allows for attenuation 
of some of the forces associated with heel strike. Also at foot 
strike, the ankle is dorsi-flexing, with eccentric activity of 
the triceps surae muscle. This helps the deceleration of the 
body, and allows potential energy to be stored in the Achilles 
tendon, to be utilized as kinetic energy during the propulsive 
phase. The foot continues to pronate until about 35-40% of the 
support phase. This is about the time when total body centre of 
gravity passes over the support foot, and the activity of the 
plantar flexors changes from eccentric to concentric, in 
preparation for extension needed for toe off.
The foot starts to prepare for toe-off by supinating. This 
is a stable non-shock absorbing position, and is characterized by 
a tightening of the tarsal and metatarsal articulations. This in 
effect allows the foot to become like a rigid lever.
7. Upper body and arm action.
As mentioned earlier, the rotation and counter-rotation that 
occur between the lower body and the upper body minimize the
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exchange of mechanical energy between the two parts. As the hip 
rotates forward on one side of the body, the arm on the opposite 
side of the body rotates forward and across the chest. As 
activity of the legs increase, so does the activity of the arms.
A runner can increase velocity by increasing stride length, 
or stride rate. Dillman (1975) shows that stride length 
increases as velocity is increased at the lower velocities. At 
the higher velocities, stride rate is increased as velocity 
increases. This is in agreement with Saito (1974). Data 
collected here at Surrey supported this. They are discussed in 
Chapter 4. Hoshikawa (1973) reported that better runners had a 
lower stride rate at any given velocity, than did less capable 
runners. Increasing stride length to increase velocity has a 
limit. As stride length is increased, the angle that the foot 
makes with the ground becomes more horizontal. This increases 
the force needed to decelerate the body at heel strike. It 
becomes necessary to then increase the acceleration force in 
order to compensate. This eventually becomes an uneconomical 
running style. It is for this reason that runners probably rely 
upon an increase in stride rate to increase velocity at the 
higher velocities.
There is a question as to whether there are significant 
differences between treadmill and overground running. Schwab 
(1983) reported that mean onset of activity for the hamstrings 
varied by 4% between treadmill and overground running. He also 
reported a 1% difference for mean onset of the gastrocnemius, and 
2% difference for mean onset of the second burst of quadriceps 
activity. However, the speed for treadmill activity was given as 
a constant 107 metres/minute, while the mean speed for overground 
running was 274 + or - 38 metres/minute. It is difficult to
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understand how any valid statistical comparisons could be made 
between two widely different speeds - especially when one varied 
by + or - 14%, while the other (treadmill) speed was held
constant. Also, the treadmill speed used in Schwab's study was 
considerably less than the speed where walking changes to 
running. Thus, a very unnatural style of running was imposed on 
the runners.
Dalmonte (1973) found stride length and vertical movement of 
the centre of mass were less in trials conducted on the treadmill 
than on a track. However, he only used 3 subjects, and they were 
all highly trained treadmill runners.
Significant differences in stride length, stride rate, and 
increased limb ranges of motion that are reported between 
treadmill and overground running occur at speeds greater than 5 
metres per second (Dalmonte 1973, Grillner 1979, Nelson 1972). 
This is much higher than the range of normal jogging speeds. In 
fact, it is equivalent to running 1600 metres in 5 minutes and 33 
seconds.
Studies in which the velocity was less than 5 metres per 
second showed fewer variations between treadmill and overground 
running. Nelson found treadmill running characterized by 
increased periods of support, and less variability in horizontal 
and vertical velocities of the body. The lower variability in 
horizontal and vertical velocities is logical. Treadmill runners 
have their horizontal velocity regulated exactly. There are no 
hills, or terrain differences, so vertical heights are not 
subject to changes. Overground runners may run at an average 
speed the same as the treadmill speed. But sometimes they run a 
little faster, and sometimes a little slower.
29
The differences in chosen velocities, training of subjects 
before treadmill running, and training them on the treadmill, and 
numbers of subjects, makes comparisons between current studies 
very difficult.
SECTION 2-2.0 MODELLING OF THE SPINE
Vaughan (1984) emphasized the difference between computer 
modelling of the spine and computer simulation of the spinal 
model. He defined computer modelling as the setting up of 
mathematical equations, the gathering of appropriate data, and 
the use of the equations and data in a computer programme. He 
defined computer simulation as the use of a validated computer 
model to carry out experiments on real - world systems modeled 
under carefully controlled conditions.
Gait analysis must measure temporal, kinematic, kinetic, and 
energy factors in order to be complete. In this project, 
temporal factors measured were the phases of the gait cycle 
obtained by foot switch data, or filmed data of the feet. The 
kinematic factor measured was the rise and fall of the body's 
centre of mass in the vertical direction only. Kinetic factors 
measured were ground - foot reaction forces, and EMG signals from 
4 muscle groups. The energy factor measured was the use of 
energy during the running trials.
In an ideal experimental situation, a researcher would be 
able to collect a complete set of kinetic and kinematic data for 
running subjects. However practicalities, time constraints, and 
most importantly equipment limitations, determine what data can 
be collected. Equipment and time limitations at the time of our 
experiments meant that we could only collect kinematic data on 
the vertical movement of the body's COM.
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Displacement data allows for the calculation of velocities 
and accelerations of various body segments. Winter (1990) states 
that there are 15 variables required to give a complete kinematic 
assessment of a body segment. They are the x,y and z positional 
coordinates, the linear velocities in the x, y and z directions, 
the linear accelerations in the x, y, and z directions, the angle 
of the segment in two planes, the angular velocity of the segment 
in the same two planes, and the angular acceleration in the same 
two planes. If this analysis system were applied to the 12 link 
segments of the body, Winter (1990) shows that there would be 180 
separate variables to analyze. It must also be remembered that 
all of these variables would be changing with time during motion 
studies.
In addition to the kinematic variables listed above, there 
are the forces causing the movements. External forces acting on 
the body are gravity, air resistance, and the ground reaction 
forces. There are also the internal forces of muscle and 
connective tissue. All of the above forces are responsible for 
reaction forces that occur between joints, and bone on bone 
forces (Winter 1990). The accurate calculation of all of the 
internal forces during an activity such as running, would have to 
include data from the active muscles, synergistic muscles, 
ligaments, fascia, and bone on bone forces. Also, because joint 
stability is important in movements, the antagonist muscles and 
connective tissue would have to be included. The effect of 
potential energy stored in tendon, or ligament, would have to be 
assessed also. How these factors change with time would have to 
be calculated too.
Clearly, it would not be possible to accurately calculate 
the contribution of all tissues to a particular movement. When a
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joint action is controlled by several muscles having different 
lines of action, and different moment arms, it is not possible to 
determine accurately how the muscle force is divided between the 
muscles involved. The resultant muscle force can be calculated. 
Gowitzke (1984) gives an example using the three major hip 
abductors, the gluteus medius, gluteus minimus, and the tensor 
fascia lata. The assumption was made that each of their 
contribution to the movement of abduction was proportional to 
their individual mass. Thus, the tensor fascia lata was given a 
relative value of 1, the gluteus minimus was given a value of 2, 
and the gluteus medius was given a value of 4. Lines of action 
of these muscles were taken from their anatomical orientation in 
the frontal plane. It was then a simple matter to solve the 
problem by the parallelogram of force method, or the polygon of 
forces method. The gluteus medius would contribute 57% of the 
total force, the gluteus minimus would contribute 29%, and the 
tensor fascia lata would contribute 14%. Assumptions were made 
in this model that the total abductor force was 100%, and that 
each muscle exerted the proportion of force indicated in the 
previous sentence.
In order to calculate internal forces, the complexity of the 
joints of the body must be simplified. This is done by link 
segment modelling. Winter (1990) makes the following assumptions 
regarding the model: Each segmental fixed mass is located at its
centre of mass, as a point mass; the segment's COM remains fixed 
during the movement; joints are considered to be either the hinge 
or ball and socket types; the length of each segment remains 
constant during the movement. Winter's link segment model uses 1 
segment for the thigh, 1 segment for the lower leg, and 1 segment 
for the foot. In order to calculate inter-segmental reactions,
32
he expanded the link segment model into a free body diagram. 
This includes the centres of mass, the joint reaction forces for 
x and y forces, and the moments of forces, for all 3 segments.
Some link segment modelling uses only two rigid links for 
the lower extremity. The foot and lower leg can be modelled as 
one segment, with no movement permitted at the ankle joint
(Putnam 1991). This simplifies data analysis, but at the cost of 
lost information regarding ankle motions.
Biomechanical models of the spine's movement during gait 
exist. Cappozzo (1976) used a model of the human body consisting 
of feet, shank, and leg segments, and one segment to represent 
the head, arms, and trunk, HAT. The model only allowed for 
sagittal plane movement. The HAT segment was hinged midway 
between the segment joining the hips, and was maintained
vertically, with no motion allowed. The purpose of the study was 
to determine how the muscular forces, and external forces
contribute to energy associated with walking. Potential energy
and linear and rotational kinetic energy were calculated. 
Segmental velocities for the kinetic energy* calculations were 
obtained from film displacement data collected in the sagittal 
plane only.
Models made for studying human locomotion vary according to 
what information is required. If one wants to study the forces 
acting on the leg and foot, then the collection of data from the 
trunk and thigh would not be collected. This assumes that the 
influence of the trunk and thigh on leg and foot dynamics are not 
significant, or are not important for the investigation being 
conducted. Energy transfer between the thigh and the leg would 
be ignored in this case, as would any energy transfer between the 
trunk and thigh.
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Other models proposed also emphasized the contribution of 
the lower limb, and ignored the role of the spine (Becket 1968, 
Hardt 1978, Seireg 1975). The models are made so that data such 
as displacements, segmental accelerations, velocities, and angles 
can be measured or calculated during gait. The entire trunk, 
head, and arms are treated as one rigid segment in order to 
simplify the process of modelling the human body during gait. 
The elimination of body segments, or failing to model them to 
include all of the degrees of freedom that actually exist in the 
segment, can result in errors if the analysis proceeds away from 
the initial segment.
More complex models have attempted to account for the 
response of the spine to static or dynamic loading. Belytschko 
(1973) used rigid bodies to simulate the vertebrae, and modeled 
the soft tissues of the spine as deformable elements. These 
provided resistance against torsion, axial compression, bending, 
and shearing. Other models have been proposed that also use 
rigid bodies to represent the vertebrae, and visco-elastic 
elements to represent soft tissues (Schultz 1970).
Chow (1971) developed a 2 dimensional model to represent 
human gait. Equations of motion were developed in order to 
calculate joint torques and angular position of the entire trunk 
and limbs with time.
Chaffin (1969) proposed a model for human motion, but it 
did not involve gait. It involved the calculation of joint 
forces and moments occurring during lifting, and it computed 
spinal compression forces during lifting.
Complete models of human locomotion that take into account 
all of the relevant joints and forces have not yet been 
developed. If there were such a model, the number of possible
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running strategies employing variations in the motion of each 
vertebrae, and how this would alter use of the muscles and joints 
of the lower extremity, would be extremely complicated- Since 
there are problems with all of the modelling methods proposed, it 
is possible that they would not be predictive for injuries 
associated with running.
Overuse running injuries are fairly consistent in runners, 
occurring in a few sites (Marti 1988, Sperryn 1983) . 
Measurements showing additional torsional stresses placed on the 
knee, excessive pronation of the foot, increased energy use, 
increased muscle activity, or altered ground reaction forces, 
seem to be more practical in assessing potential injury risk at 
specific sites, than does developing an all inclusive model of 
the running human.
This author was faced with three possible ways of 
investigating the influence of spinal mobility on kinetic and 
kinematic variables:
1. He could have used an existing computer model of the 
spine, validated it, and used it to simulate what would happen 
kinetically and kinematically, if spinal mobility were 
restricted. None of the models reviewed in the literature were 
constructed to simulate kinetic and kinematic results that would 
occur during running, if spinal mobility were restricted. This 
possibility was thus rejected.
2. He could have made a computer model of the spine, 
validated it, and used it for it's predictive value. There were 
more complex problems associated with this choice than with 
choice 3, the one that was used. Each joint, including the 
spinal joints, has 6 degrees of freedom. Each vertebral 
orientation varies from the segment above and below, due to the
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lumbar curve. Axes of rotation of the thigh, shank, and ankle 
are well defined, and have projected segments that can be marked 
and filmed. This allows for measurement of displacement, and 
calculation of velocities and accelerations. Vertebral movement 
between any two segments is characterised by shifting axes, small 
amounts of motion, and difficulty in seeing with the eye, or 
recording with a camera. The accuracy of displacement data, and 
hence accelerations and velocities, would be a difficult problem. 
This problem can be minimized by simplification of the model. 
Such simplification would include considering motion in two 
planes only, or reducing the complexities of spinal motion by 
considering the trunk as a rigid segment. However, it is in this 
simplification process that valuable information regarding the 
influence of the spine on gait, could be lost.
Computer modelling would not only include body segments, it 
would also have to include muscle mechanics, and the 
visco-elastic properties of the soft tissues, such as ligaments, 
discs, and tendons. The body segment model would have to be 
integrated with the muscle mechanic model. While such a project 
would certainly be valuable, and it would allow for the influence 
of individual vertebrae to be calculated, it was felt that given 
the time and equipment constraints, this choice was not the best 
one to select.
3. He could have devised a method to restrict the mobility 
of the spine, and measured the influence on selected kinetic and 
kinematic variables. The casting method limited overall
mobility of the spine, but no information regarding individual 
vertebral restriction could be obtained. However, it was felt 
that this method was best for the information desired.
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SECTION 2-2.1 WHY RUNNING IS IMPORTANT
The selection of running as the activity to investigate 
certainly makes the research project easier than if jumping, or a 
particular sport had been chosen. Walking would have been even 
easier to investigate. However, it was felt that walking put too 
little stress on the body, and it was not sure whether our 
methods would have been able to detect any changes in walking. 
As the speed of locomotion progresses, there are less 
neurological choices for the subject to make. Thus, variance in 
styles of locomotion decrease as speed increases. But there are 
more important reasons why running was chosen than ease of
investigation. The positive effects of moderate running on the
cardiovascular, skeletal, and pulmonary systems, are well 
documented. As an individual ages, his caloric need decreases, 
but his need for nutrients is not reduced accordingly. Thus, the 
potential for obesity, and all of its concomitant pathologies, is 
increased. Since running utilizes calories, a regular runner can 
increase his intake of food somewhat, and maintain body weight. 
This allows him to increase his nutrient content without gaining 
weight, if the foods are chosen wisely. This may have important 
benefits for disease prevention.
Running also increases stresses on ligaments and tendons 
that are most often used. Because these structures have the
ability to adapt to small increases in physical activity, 
moderate running can enhance their ability to resist shear,
torsional, and tensile overloading, and hence injury. This may 
be a factor in delaying or postponing the onset of arthritic 
changes. Running also causes an increase in bone density in 
bones that are placed under load, such as the long bones of the 
leg, and the vertebrae. This is an important factor in
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preventing or minimizing certain stress fractures so often seen 
in the elderly. It also helps to delay the onset of
osteoporosis.
Therefore it is felt that anything that can help the runner 
to continue his activity for life, would be beneficial. Lack of 
spinal mobility could increase fatigue. It could also contribute 
to overuse injuries that would make the runner curtail his 
activity. It is worthwhile investigating how spinal mobility 
influences running gait.
SECTION 2-3.0 NEURQANATOMY AND NEUROLOGY
One area that must be discussed is the influence of the
nervous system on motion. It may be possible that the effects of 
restricted spinal motion are mediated by the nervous system. If 
changes in afferent input occur due to decreased spinal mobility, 
there is a possibility that motor control will be affected. It 
would not be possible to give a complete review of neurology in 
this paper. The parts deemed relevant for this work will be 
reviewed, and conclusions drawn based on the relevant neurology. 
The review will include: afferents from muscles, joints; spinal 
and higher connections; efferent output. The following review is 
taken from standard works on kinesiology and neurology; (Gowitzke 
1984, Cooper 1976, Guyton 1987, Chusid 1973,)
Any influences would occur through the proprioception 
system. Afferent proprioceptive impulses are initiated according 
to body positions and movements. The proprioceptive receptors
are located in joint capsules, tendons, ligaments, fascia, and
muscles. They are also found in the labyrinth, but this will not 
be relevant for this experimental work. The proprioceptive 
system provides a continuous stream of information to the central
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nervous system regarding body motions and positions. During a 
particular physical activity, proprioceptive input will result in 
muscular adjustments being made. The purpose of these 
adjustments in muscular activity is to ensure that an appropriate 
response is made as far as degree, direction, and rate of change 
of activity is concerned. The result is a coordinated movement. 
While it is true that motor acts are usually initiated by a 
conscious decision in the cerebral cortex, the small details of 
the movement are not based upon conscious decisions. The 
implementation of the motor act is governed by the lower level of 
the nervous system.
Muscle proprioceptors are of two types, the neuromuscular 
spindle, and the golgi tendon organ. Both of these receptors are 
actually contained within the muscle.
The spindle is able to detect changes in length. When 
length is constant, either at rest or at the end of a muscle 
contraction, the tonic response occurs. This affects postural 
muscles which contract just sufficiently to maintain the posture 
assumed. For example, when standing still, the gastrocnemii 
muscles will contract with just enough force to prevent the body 
from falling forward. If the person were standing still with the 
heels elevated on a wedge, then the length of the gastrocnemii 
would be different, and the tonic response would differ. Again, 
it would be sufficient to prevent the person from falling 
forward, according to the conditions of muscle length. When the 
length of muscle is changing, the phasic response occurs 
according to afferent stimuli of the spindles. For example, when 
raising the body on the toes, the length of the gastrocnemii is 
changing with time. The muscle force required to perform this 
action must also vary with time, because different forces are
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required to initiate the action than are required just before the 
end of the action. The frequency with which the afferent
impulses are conducted from the spindles to the central nervous 
system varies with muscle length, and with the rate of change of 
length. The muscle spindles are in parallel with the muscle in 
which they are contained.
The neuromuscular spindles contain contractile elements 
called intra-fusal fibres. The types of intra-fusal fibres vary 
according to their diameters, and to their length. Larger fibres 
are called bag fibres, and smaller fibres are called chain 
fibres. As mentioned previously, afferent fibres to the spindle 
fibres are activated by final resting length, or by changes in 
length. These impulses are transmitted to the dorsal nerve 
roots, and into the spinal cord. The impulses can travel 
superior, inferior, or they can decussate. The generalized motor 
effect of these afferent impulses from the spindles, is
excitatory to the muscle in which they are contained.
Primary afferents to the spindles are group I fibres. Their
thresholds to stretch are low. Their activation can result in
phasic or tonic activity. Secondary afferents are group II
fibres. Their activation results in tonic activity only. The 
grey matter within the anterior horn of the spinal cord contains 
the efferent neurons of the intra-fusal fibres. They are called 
gamma motor neurons, or fusiform neurons. After excitation of 
the anterior root, the impulse travels to the muscle and 
terminates on the motor end plates of the intra-fusal fibres. As 
with the afferents, there are two types of efferent neurons, 
gamma plates, and gamma trails. The gamma plates terminate on 
the bag fibres, while the gamma trails terminate on the chain 
fibres.
/
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When the primary afferent neuron is stimulated by being 
stretched, a muscle contraction results which is sufficient to 
counteract the stretch. The motor neurons of synergists receive 
collateral afferent connections from the primary afferent fibre. 
The antagonists receive other collateral afferent fibres from the 
primary, which are inhibitory. Thus, a coordinated activity 
results due to contraction of the primary muscle, and its 
synergists, and inhibition of the antagonists.
Stimulation of the secondary afferent neuron results in a 
different activity than stimulation of the primary. The result 
is facilitation of flexors, and inhibition of extensors, 
regardless of whether the stimulation occurs in a flexor or an 
extensor muscle. If a stretch is sufficient to activate the 
secondary afferents, then it will also activate the primary 
afferents. Thus, facilitation of the flexors will result in a
co-contraction of both flexors and extensors. This is important
for postural stability, and for joint stability.
Afferent impulses arriving at the gama neurons can maintain
the contraction of the ends of the intra-fusal fibres at varying
levels of tension. This serves to set the muscle spindle at 
whatever level is required. This is called gamma bias, and helps 
to prevent oscillatory types of movements, where muscles 
over-react. An example of this would be when a person bends down 
to pick up an object from the floor, and bring it to waist 
height. If visual cues are removed by the use of a blindfold, he 
will not be able to tell how heavy the object is prior to 
attempting to lift it. As soon as he has grasped the object with 
his hand, and initiates the lift, the gamma neurons, activated by 
the pressure of the fingers on the object as it starts to be 
lifted from the ground, will enable the muscles to respond with
/
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the right amount of force to lift the object up, and stop at 
waist height. If gamma bias were not present, he would use more 
force than required, and would over-shoot waist height. This 
would then require eccentric activity of the biceps brachii 
muscles in order to lower the weight to waist height. This would 
be wasted movement.
There is another type of proprioceptor contained within the 
muscle, the Golgi tendon organ. It is located at the junction of 
the muscle and tendon, and lies in series with the muscle. When 
stimulated, it has an inhibitory effect on its own muscle and 
synergists, and an excitatory effect on the antagonists. It is 
stimulated slightly by passive stretching. It is also stimulated 
by the contraction of the muscle. As the contraction becomes 
stronger, the Golgi tendon organ is stimulated even more. Large, 
group I afferents supply the Golgi tendon organs. These 
afferents make connections in the spinal cord with efferent 
neurons to their own muscles, and to synergists and antagonists.
Another group of receptors is located in the joints, and has 
an effect on joint activity. These are the mechano-receptors. 
Type I mechano-receptors are located in the outer layers of the 
joint capsule. They are activated by small changes in tension in 
the joint capsule. They have a low threshold, are slowly 
adapting, and fire continuously at about 10 - 15 Hz. They are 
small myelinated fibres. As capsule tension changes, the 
frequency of the resting discharge also changes. Type II 
mechano-receptors are located in the joint capsule, but are 
deeper than the type I mechano-receptors. They also have a low 
threshold, but unlike the type I, they adapt rapidly to changes 
in joint capsule tension. They are of medium size, and are 
myelinated. They are not active in immobile joints, and only
/ '
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operate during movement of the capsule. Type III
mechano-receptors are on the surfaces of joint ligaments, but are 
not located on the ligaments of the vertebral column. They have 
a high threshold, and are slow adapting. They are large 
myelinated fibres, and respond when there is a high tension 
within the ligament. Type IV mechano-receptors are involved with 
joint pain. They are not relevant for the work in this
experiment.
The afferent fibres from the articular mechano-receptors 
synapse with the fusiform neurones in the central nervous system. 
This contributes to the modulation of the activity occurring 
around the intra-fusal muscle spindle proprioceptive system. The 
articular mechano-receptors can thus influence muscle tone and 
stretch reflexes. The mechano-receptor afferent impulses are 
also relayed to areas of the cerebral cortex via the posterior 
and dorsolateral spinal columns. This influences the perception 
of posture and kinaesthetic sensation (Wyke 1972).
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CHAPTER 3 LITERATURE REVIEW AND METHODS
SECTION 3-1.0 METHODS SUMMARY
There were 6 methods used in this project. Each method was 
employed in the uncasted and casted states. They were as
follows:
1. The collection and analysis of foot switch data.
2. The collection and analysis of EMG data.
3. The collection and analysis of oxygen consumption
data.
4. The collection and analysis of data relating to the 
effect of the cast on spinal ranges of motion.
5. The collection and analysis of force platform data.
6. The collection and analysis of data for vertical
movement of the body's COM.
Discussion and interpretation of results in chapters 4 and 5 
showed how the data from this experiment was related to the 3 
overall project objectives discussed in the introduction chapter. 
In addition, subject data on age, height, and weight were 
presented to show how closely our subjects related to a normal 
population distribution.
SECTION 3-2.0 MEASUREMENT OF TEMPORAL
PARAMETERS OF GAIT AND PURPOSE
When EMG data is collected in runners, it is important to 
have some method of identifying the time when events in the 
running cycle occur. This enables repetitive events to be
compared both intra and inter subject. A method of identifying
temporal events in the running cycle involves the simultaneous
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collection of foot switch and EMG data. Minimally, the foot 
switch will identify the time of foot strike, and the time of toe 
off. This then allows the calculation of stance time and swing 
time. By looking at the EMG pattern of the various muscles, it 
can be seen at which phases of the gait cycle they are active, 
and quiet. Experimental interventions can be examined for their 
effect (or lack of effect) on onset time of muscle activity, 
change in stride length, or stride rate. Foot switch data 
enables the experimenter to measure the length and time of the 
stride cycle for each subject. By comparing such data from elite 
runners with data from aspiring runners, patterns of stride rate 
and length change with speed can be discerned. By identifying 
those qualities found in better runners, ideas regarding 
improving training methods can be developed.
SECTION 3-2.1 PREVIOUS WORK AND DISCUSSION
Elliot (1979) coordinated lower limb muscle activity with 
cyclic lower limb action by filming runners at 100 frames per 
second. Cavanagh (1982) measured the time taken between two 
successive foot contacts by recording the changes in treadmill 
belt speed that occurred during each foot contact. This required 
an amplifier to amplify the fluctuation seen on the speed 
indicator. The signal was then recorded on a chart recorder. 
Sinning (1970) attached inertia switches to the shank to record 
the moment of foot contact. He used goniometers attached to the 
knee and ankle to record the end of the support phase, utilizing 
the fact that support ends with knee and ankle extension. 
Arsenault (1986) and Pierotti (1991) used pressure sensitive 
switches, placed under each heel in order to define events in the
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gait cycle. Schwab (1983) used compression switches inserted 
beneath the heel, fifth metatarsal head, first metatarsal head, 
and great toe. Nilsson (1985) recorded foot strike and toe-off 
by placing sealed silicon tubing with pressure sensors, under the 
shoes. The method described above by Sinning was not practical 
for our experiment, since we had no inertial switches. Neither 
was the method described by Cavanagh practical for us, since 
modifications would have to have been made to the circuitry of 
the treadmill.
The use of the various pressure switches placed inside, or 
under the shoe seems to be the most common method of defining
events temporally in the gait cycle. The method employed by
Schwab, in which he used 4 pressure switches under 4 foot
landmarks, would certainly give more detail than would 3, or 2 
switches. The opening and closing of the four switches in 
Schwab's experiment would allow for muscle activity to be 
coordinated with the moment of heel strike, the time when the 
centre of mass passed over the fifth metatarsal head, the first 
metatarsal head, and the great toe. With pressure switches,
nothing can be done to give more details about the intermediate 
parts of the swing phase of gait. They will only define its 
onset and offset.
The filming of the leg during running, and subsequent frame 
by frame analysis, allows the film to be stopped anywhere during 
the stride cycle. Thus, various temporal components of both 
stance and swing can be measured. For this reason, it can give 
more temporal information than can a pressure switch.
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SECTION 3-2.2 FOOT SWITCH METHODS
This author has worked with three methods of collecting foot 
switch data. The first method was used for the subjects in Rome. 
It involved placing two parallel strips of metal mesh (the type 
used for electrical cable shielding) on the bottom of the 
runner's shoe. The mesh ran from the lateral border of the heel 
to the shoe sole just under the distal digit of the first toe. 
Wire leads were then taped to each strand of mesh near the heel, 
and ran to a connection box with a 9 volt battery and an 8 K 
resistor connected in series. Output voltage was IV. Strips of 
aluminium tape were placed in an overlapping fashion on the belt 
of the treadmill. This ensured that the runner was always in 
contact with a metal surface during stance phase. When the
runner's foot was in contact with the aluminiumised treadmill 
belt, the two strips of wire under his shoe would be in contact 
with the aluminium, and would form a closed circuit with the 
battery attached to the two extension leads of the mesh. A IV 
signal would be generated at the moment of heel strike, and
continue until toe-off, whence the circuit would be opened, and
the signal would return to zero. It would be recorded 
simultaneously with EMG data.
The second method was used for the first group of subjects 
at Surrey University. It involved the insertion of flexible, 
very thin printed circuit board between the subject's foot and 
the inside of his shoe. The circuit board had pressure sensitive 
spring domes on the surface. The apparatus ran from the heel to 
the large toe. As with the method used in Rome, two wires were 
extended from the circuit board, and ran to a battery and a 
resistor. The output signal was IV, as in Rome. When the
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subject's foot struck the treadmill, the pressure of his body 
weight on the heel would push on a spring dome, which would close 
the circuit, and give a reading of IV. When his toe came off of 
the ground, the circuit would be open, and the signal would 
return to zero.
The third method was used for the second group of subjects 
at Surrey University. A Panasonic video recorder was set in 
front of the runner so that it was able to film the lower leg of 
the subject during running. The angle was such that the viewer 
could see the bottom of the shoe through the camera lens, and 
thus could see the foot hit the treadmill, and leave the 
treadmill. In order to; commence data collection, the EMG data 
recorder and the camera were turned on simultaneously. The 
Panasonic and the EMG data recorder were side by side, and trials 
were rejected if the two tapes did not start moving together. 
The video monitor for the Panasonic recorder had a digital clock 
superimposed on the screen, and hence on the film. It was set in 
hundredths of seconds. This allowed for correlating the timing 
of EMG events with various phases of the gait cycle. It was also 
possible to record the subject's name, and the date on the film. 
The film could be played back at a convenient time on a standard 
VCR, at 100 frames per second. The measurement error was +-
0.01s.
The speeds used for the experiment were initially read on 
the treadmill speed indicators in km/h. Increments were every 
0.2 km/h The speeds were converted to m/s, so 2 significant 
digits were used. The speeds used in Rome were 7, 10, 15, and 20 
km/h. These were converted to 1.94, 2.78, 4.17, and 5.56 m/s
respectively. The speeds used with the first group of subjects
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at Surrey were 9, 13, and 17 km/h. These were converted to 2.5, 
3.61, and 4.72 m/s respectively. The only speed used for the 
second group of Surrey subjects was 10 km/h. This was converted 
to 2.78 m/s. The measurement error for speed was 0.06 m/s.
SECTION 3-2.3 PROBLEMS
The foot switch system used in Rome worked well, but 
required constant maintenance. The wires under the runner's shoe 
were subject to frequent breakage, and dirt would accumulate on 
the surface of the mesh, interfering with circuit closure. The 
strips of aluminium tape on the treadmill were subject to 
breakage due to the constant pounding of subjects' shoes on the 
tape at every heel strike. These breaks in the aluminium tape 
interfered with circuit closure. The tape was also very 
difficult to remove from the treadmill, and left a residue.
The foot switch system used on the first group of Surrey 
subjects was more prone to breakage than the one using wire mesh 
attached to the bottom of the shoe. Repairs had to be made with 
each subject. Thus, delays were common. However, the system was 
effective for data collection for a small number of subjects.
The system of filming was not prone to breakage, although 45 
minutes were required to analyze the film from each subject. One 
potential problem with the system of filming was the fact that 
events could only be timed accurately to hundredths of seconds, 
since the film speed was 100 frames per second.
Occasionally, foot strike or toe off occurred between two 
successive frames. Then, an interpolation had to be made as to 
when the event occurred. The halfway point between the two 
successive frames was always chosen, since the eye could not
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decide anything more accurately. Thus, on occasion, there would 
be an error of .005 seconds.
Since the filming of foot fall data had to be coordinated
with EMG data, it was necessary to start the two data collection
processes together. This involved pushing the button for the EMG 
data recorder with the left index finger, and the button for the 
video camera with the right index finger. There was the chance 
that the two processes could have been out of synchronization if 
there was any delay between pushing the two buttons. For this 
reason, trials were not accepted if the two cassettes did not 
start turning together.
SECTION 3-3.0 MEASUREMENT OF VERTICAL MOVEMENT OF
THE BODY'S COM AND PURPOSE
Filming methods are used to measure displacement data. The 
use of filming to collect foot switch data in the second group of 
subjects at Surrey led to the idea to collect filmed data of the 
movement of the body's COM in the superior and inferior 
direction. After watching several subjects during the trials, it 
appeared subjectively that their bodies were not rising as high 
whilst running with the cast on. It was decided to recall some 
of the subjects at a later date, and film the movement of the COM
in the vertical direction.
SECTION 3-3.1 PREVIOUS WORK AND DISCUSSION
Cappozzo (1976) used positional markers near the rotational 
centres of the hip, knee, ankle, and metatarso- phalangeal 
joints. Movement was recorded with a cine-camera to which was 
mounted a light emitting diode. The system was set up so that a
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signal was emitted when the test limb was contacting the ground, 
Elliot (1979) filmed runners from the side with a high speed 
camera. He correlated filmed data with EMG data. Winter (1974) 
placed reflective markers near the hip, knee, ankle, and 
metatarso-phalangeal joints, and had subjects walk on a walkway 
while they were recorded with a television camera being pushed on 
a mounted tracking cart. A complete kinematic description of 
movement would have to include displacement in all three primary 
axes, and velocities and accelerations derived from the 
displacement data (Winter 1990).
In this experiment, no attempt was made to measure 
displacement in the Fx or Fy directions. Time limitations on 
frame by frame analysis, lack of a system of absolute vertical 
coordinates, and the requirement for a third experimental session 
for each subject, ruled out COM data collection in the Fx and Fy 
directions.
SECTION 3-3.2 METHOD
Eight of the fifteen subjects who volunteered for the EMG 
part of the experiment agreed to do the COM experiment. For the 
COM data, the camera was set to the right side of the treadmill. 
It was focused so that the entire trunk and some of the neck were 
visible. A marker was placed on the subject's lateral trunk, 15 
cm inferior to the right axilla. This was the mark used to 
determine the movement of the COM.
For this test, the subjects ran for 5 minutes, and were 
filmed for a portion of the sixth minute. This was the protocol 
used in the EMG and 02 experiments. They were told to try and 
keep their bodies between two markers placed on the wall in front
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of them. This was done in order to minimize lateral movement, 
and thus to minimize measurement errors obtained from the filmed 
data.
Each individual subject performed the casted and uncasted 
trials within minutes of each other. Conditions for
intra-subject trials uncasted and uncasted were as close to 
identical as possible, except for the independent variable.
The vertical movement of the COM was measured on a video 
monitor, with a ruler calibrated in millimetres. This distance 
was obtained by measuring the distance between the highest and 
lowest points of the COM during the running trial. It was 
decided to arbitrarily multiply all measurements by 10, since 
this would not alter the ratios between casted and uncasted, and 
would approach actual subject size. The measurement error thus 
was +-lmm x 10, or 1cm.
SECTION 3-3.3 PROBLEMS
It was decided that doing the COM experiment after having 
collected EMG and 02 data would have been too much for subjects 
to do in one day. Subjects were asked to come back on another 
day to complete the COM experiment. Thus, the collection of COM 
data meant filming subjects twice, since the camera had to be 
re-positioned from the position used to obtain foot contact data, 
in order to get COM data. Because of the difficulty in getting 
subjects to come back, COM data was obtained in 8 subjects only.
The decision to include this method was only made after EMG 
and 02 data had been collected from all Surrey subjects. This 
was near the end of the experiment.
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No manufacturer's information was available regarding 
measurement error of the recordipg camera. A technician felt
that the measurement error would be +- 1 cm. There is no
verification of this. It is believed that this method was 
satisfactory for comparing differences in absolute movement of 
the COM in the casted and uncasted state, if the differences were
greater than 1 cm.
SECTION 3-4.0 MEASUREMENT OF METABOLIC
ENERGY COST AND PURPOSE
The amount of energy expended in performing a physical 
activity can be determined by the indirect calorimetry method 
(Astrand 1986). This involves collecting expired air and 
analyzing it for 02 and C02 content, and determining the ratio of 
C02 produced to 02 consumed. This is the respiratory quotient. 
The use of the indirect calorimetry method allows different 
activities to be compared for energy cost. It also can be used 
to determine the most efficient method of performing an activity 
in terms of energy expended. Simply put, the more effort 
required to perform an activity, the more energy will be used.
SECTION 3-4.1 PREVIOUS WORK AND DISCUSSION
In exercise, there is an increase in metabolism of the 
muscles involved. There is also a parallel increase in the 
pulmonary ventilation, which is a physiological function that 
supplies oxygen to the body. The term ventilatory efficiency 
expresses the relationship between the rise in aerobic metabolism 
and pulmonary ventilation. It is expressed by the ratio Ve/Vo2, 
where:
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Ve = pulmonary ventilation in litres/minute in expired air. Vo2 
= oxygen consumption/ minute (Bullard 1971). Ve is determined by 
multiplying the respiratory rate/ minute, f, by the expired tidal 
volume, Vt. In equation form this is represented by Ve = f x Vt.
The relationship between Vt and - Ve is called the Hey 
relationship, and it can be influenced by the mechanical forces 
that the respiratory muscles have to work against (Hey 1966). 
Gilbert (1971) showed that an external mechanical load will 
change the pattern of breathing in a manner that will optimize 
breathing.
This presented us with a problem regarding our results for 
energy expenditure: if any changes occurred, they could have
been due to either more mechanical effort being required due to 
restricted spinal motion, or to the possibility of the cast 
influencing respiration in some way. At the outset, it was 
assumed that the cast could either influence respiration so as to 
increase the energy used, decrease the energy used, or it could 
have no effect on respiration.
If the increase in energy obtained in our results was due 
solely to the restrictive effects of the cast on respiration, 
then the respiratory muscles would have to account for the 
changes. This would mean that their metabolism would have to be 
increased sufficiently to account for the changes in energy use 
seen in the casted state.
The respiratory muscles must overcome elastic and non - 
elastic airway resistance with every breath. Elastic resistance 
occurs at the end of inspiration, as structures are being 
stretched. This resistance can be considered as potential 
energy, and returns some energy during expiration. Non-elastic
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airway resistance occurs at the beginning of inspiration. It is 
inversely related to the changing volume of the respiratory 
system, diminishing as this volume increases. As frequency of 
breathing increases, the non-elastic airway resistance must be 
overcome more frequently, so it increases.
It was assumed that as frequency of breathing increases, 
then frequency of both inspiration and expiration would increase. 
However, this does not appear to be so. Petersen (1987) states 
that the frequency change seen in breathing secondary to an 
increased C02 and decreased 02 gas mixture, is characterized by a 
shortening of the expiration time, and relatively little change 
in the inspiration time. This would indicate that mean 
expiration time in the casted state is shortened as respiratory 
frequency increases, due to the cast. Since the volume of air in 
the lungs at the beginning of inspiration would be greater in the 
casted state, there would be less non-elastic airway resistance 
to overcome than if expiration time were the same as in the 
uncasted state. This would mean that the respiratory muscles 
might not be required to work as hard in the casted state, as one 
would assume. As stated above by Gilbert, an external load that 
restricts breathing will cause changes in the pattern of 
breathing in order to optimize breathing.
In running, the kinetic and kinematic factors include stride 
rate, stride length, velocities and accelerations, vertical 
height of the body's centre of mass, muscle forces, and reaction 
forces. Some studies have addressed the relationship between 
biomechanical factors and metabolic energy costs. Cavanagh 
(1982) showed that changes of 42 mm in stride length affected 02 
consumption by only 0.2 ml/kg/min. He also showed that there is
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no clear relationship between leg length and stride length. 
Hogberg (1952) showed that by increasing or decreasing stride 
lengths by 17% of leg length from the freely chosen stride 
length, 02 consumption varied from 6% for the shortened stride to 
12% for the lengthened stride. The drawback to this study was 
that only 1 subject was used. Knutgen (1961) also used 1 
subject. He varied the velocity of running, but had the runner 
maintain the initially chosen stride length. Only large 
increases in running speed resulted in statistically significant 
increases in 02 consumption.
Since the effect of our cast is to restrict spinal mobility, 
this restriction could be a factor that increases energy use. In 
consideration of Cavanagh's paper cited in the preceding 
paragraph, any change in 02 consumption would probably be due 
factors other than stride length changes. Alterations in leg or 
spinal variables secondary to spinal restriction could account 
for a part of any increased energy use.
It is often difficult to find causative relationships 
between metabolic energy changes and kinetic and kinematic 
changes. Williams (1985) states that measurements which don't 
include contributions from internal muscular forces, positive and 
negative work, transfer of energy between segments, elastic 
strain energy, and internal factors limiting range of motion i.e. 
ligaments, are not adequate to explain completely the 
relationship between energy changes and mechanical factors. 
Also, there is some energy that does not show up as external 
mechanical work, such as isometric contractions, or 
co-contractions.
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It was felt that describing running in terms of energy 
changes, noting which selected kinetic and kinematic variables 
change in relation to energy changes, and using these kinetic and 
kinematic changes as a partial explanation for energy changes, 
was a practical course.
SECTION 3-4.2 METHODS
Figure 1 shows the Douglas Bag set-up for collection of
expired air from the subjects. It can be seen that the tube into 
which subjects breathed, was suspended from the treadmill cage. 
The expired air was directed to one of the four plastic bags by 
opening the appropriate stop-cock. On top of the Douglas bags, 
towards the left margin of Fig. 1, there is a gas meter, which 
was used to measure the volume of air inside the bags. Air was 
evacuated from the bags by a pump, which can be seen to the right 
of the gas meter.
Figure 2 shows the Beckman units for analysis of 02 (top 
unit) , and C02 (bottom unit) . The gas sample to be measured was 
fed into the units simultaneously via a plastic T junction hose.
The units were used for analysis of expired air from subjects.
They were also used to measure concentrations of atmospheric air, 
air with known concentrations of C02 and 02, and nitrogen
containing no C02 or 02. Thus, it was possible to construct a 
calibration curve on each experiment day.
Refer to the Appendix for the manufacturer1 s technical 
information on the Beckman Oxygen Sensor. No information was 
available for the Carbon Dioxide Sensor.
Subjects were required to sit down, and their expired air 
was collected for 5 minutes. A clip was placed over the nose to
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FIGURE 1. Experimental set-up for the collection of expired air.
58
FIGURE 2. Beckman units for Oxygen and Carbon dioxide analysis.
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ensure mouth breathing only. Expired air was collected in a 
Douglas bag. This sealed plastic bag was connected to a plastic 
tube that was open at one end, and had a one-way valve at the end 
connected to the Douglas bag. There was a pre-sterilized 
mouthpiece for the subject to use. The one-way valve allowed for 
conduction of expired air into the Douglas bag. It did not 
permit the air in the bag to be breathed in during inspiration. 
This enabled the resting metabolic rate to be calculated based 
upon the contents within the bag. The concentrations of 02 and 
C02 contained in the bag was analyzed by two Beckman medical gas 
analyzers; . one for 02/ and the other for C02. This is a 
standard method. Subjects then were required to run for 5 
minutes on a treadmill. At this time, it was assumed that they 
had reached steady state running. Then, during the sixth minute 
of running, expired air was again collected in the Douglas bag. 
The collection hose was suspended over the treadmill, and the 
mouthpiece was placed at mouth level for the subject. Once again, 
a nose clip was used to ensure mouth breathing only. An 
assistant supported the weight of the collection hose by holding 
it, so that the subject was not burdened with trying to support 
the hose with his mouth and teeth. The number of respirations 
was monitored by listening for the opening of the one - way valve 
inside of the collection hose, and by watching the Douglas bag 
expand during inspiration. Having two methods of counting 
respirations minimized the chance of error. After 1 minute, the 
treadmill was stopped, and recovery air was collected for 3 
minutes into another Douglas bag. The procedure was then 
repeated with the cast on.
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The Douglas apparatus included a vacuum pump to measure the 
volume of expired air collected. There were also gas analyzers 
to determine the percentage of 02 and C02 contained in the 
expired air. The rate of 02 consumption Vo2, was determined by 
the standard formula {Lamb 1978):
Vo2 = [Ve [ (l-Fe02-FeC02) / (1-Fi02) ] FiOJ-Ve Fe02 where
Ve = minute ventilation expired
Fe02 = fraction of 02 in expired air
FeC02 = fraction of C02 in expired air
Fi02 = fraction of 02 in inspired air = .209
A second method was devised in order to test the energy 
utilisation of the respiratory muscles in the uncasted and 
casted states. The experimental running conditions were 
duplicated as much as possible. Subjects stood for the trials. 
They were instructed to breathe for 2 minutes at a frequency of 
30 respirations/minute, the approximate mean of the respiratory 
rate during running trials. They were instructed to breathe 
deeper than during normal respiration. They were told to try and 
breathe at a depth similar to how they breathed during running. 
At the end of this 2 minute period, subjects breathed for the 
standard collection period of 1 minute into a Douglas bag. Then 
the Vo2 and energy use were calculated, as per running trials. 
The procedure was done in the casted and uncasted states.
SECTION 3-4.3 PROBLEMS
Steady state is the state where uptake of 02 = the 02
requirement of body tissues. In order to assess this more 
precisely, laboratory methods of analysis would have been 
required. They would not have been approved by the ethics
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committee, and subject compliance could have gone down. Standard 
work physiology textbooks show that steady state for moderate 
exercise, such as our subjects performed, is reached before 3 
minutes (Astrand 1986). This was the basis for assuming that
steady state had been reached.
It was important to try and determine whether the
respiratory muscles alone could have been responsible for any 
increase in energy seen in this experiment. Since there was a 
chest restriction in the form of the cast, this was a
possibility. An experiment had to be devised to be done in the 
casted and uncasted states, that used the respiratory muscles, 
but did not require active spinal movements, other than those 
involved in the act of breathing. Certain choices were
considered, based upon the equipment available.
Having subjects turn a bicycle pedal with the hands in the 
casted and uncasted states would have been an activity that they
could have done without using the legs. However, since it
involved an alternating movement of the limbs, it is not seen how 
they could have avoided using spinal motion. Subjects could have 
used their hands only to perform a trotting movement on the 
treadmill. This would have involved kneeling at the head of the 
treadmill, and locomoting like a trotting quadruped, using the 
hands only. The risk of overuse injury to the hands, and of head 
and facial injuries from the arms and hands fatiguing and failing 
to support the trunk, was considered too high.
Having subjects move around a track in a wheelchair was
considered. This would have required monitoring the velocity 
closely, in order not to introduce another variable into the
experiment. It would have required carrying a Douglas bag
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alongside of the subject. This was considered too impractical. 
The method finally decided upon had a subjective part. Subjects
were asked to breathe as deeply as if they were running. Under
the experimental conditions/ no better way could be devised. 
Therefore it was important to stay as close as possible to all of 
the other experimental running conditions.
SECTION 3-5.0 MEASUREMENT OF FORCE PLATFORM
DATA AND PURPOSE
Quartz, and other types of crystals, will produce a surface 
electrical charge when a mechanical force is applied. This
charge is proportional to the amount of mechanical force applied. 
This forms the basis of force platforms in use today for 
biomechanical applications. The electrical charges produced by 
the force transducers are converted into electrical voltages. 
These voltages, which vary with time and applied forces, are 
stored in digital form, and are the actual force platform
signals. The force transducer is made up of one pair of pressure 
sensitive discs for measuring the Fz (vertical) force, and two 
pairs of shear sensitive discs, one for measuring Fx 
(medio-lateral or ML) forces, and one for measuring Fy 
(anterior-posterior or AP) forces. In the Kistler force 
platform, there are four of these three component force 
transducers. There is one at each angle of the rectangular force 
platform. This arrangement allows for measurement of the Fx, Fy, 
and Fz forces independently of where the point of force 
application occurs. Technical information regarding the Kistler 
force platform is in the Appendix.
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SECTION 3-5.1 PREVIOUS WORK AND DISCUSSION
Some authors feel that only vertical forces are important 
enough to be measured during gait. Jacobs (1972) shows that the 
magnitude of the vertical force in walking comprised over 90% of 
the resultant force. He uses this as a justification for 
collecting data in one axis only.
It is standard to collect EMG and energy related data while 
subjects run on a treadmill. If force platform data could be 
collected at the same time as EMG and energy data, time would be 
saved, and all of these data could be correlated, since they 
would be collected at the same time. This would mean using a 
force plate mounted on a treadmill. Kram (1989) discusses the 
uses of a treadmill-mounted platform. He states that the
possible problems of mechanical cross-talk from the horizontal 
friction forces of the treadmill belt, and the belt induced
noise, were overcome with his design. However, he was only able 
to measure vertical forces. Variations in motor speed and moving 
frictional forces of the belt on the force plate would make 
collection of horizontal forces very unlikely. Kram, like 
Jacobs, states that the magnitude of the vertical force comprises 
most of the total reaction force, thus justifying not collecting 
Fy and Fx forces.
However, in running, the amplitude of all ground reaction 
forces is increased. Fz ground reaction forces go to 
approximately 2 1/2 to 3 times body weight. Fy ground reaction 
forces approach 0.5 times, body weight, (Cavanagh 1980, Munro
1987) , and are classified as braking when in the anterior
direction, and propulsive when in the posterior direction. The
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braking forces create anterior-posterior shear stress at the 
ankle.
Fx forces are the smallest of the three reaction forces,
approaching 0.2 - 0.3 times body weight (Cavanagh 1980, Munro
1987). Factors which alter step length, or the height of the
body's centre of mass can alter the angle and force of the foot
striking the ground.
For our experiment, it was not justifiable to eliminate the 
collection of Fy and Fx reaction forces. Only by looking at the 
effects of limiting spinal mobility on Fx and Fy can a definite 
statement be made about their relevance. There was valuable 
information contained in the Fx and Fy data. Therefore, force 
platform data collection included Fx, Fy, and Fz forces.
Dickenson (1985) had 6 runners run across a force plate 
three times with and three times without shoes. Results without 
shoes showed a higher initial spike at heel strike. This is 
thought to be due to the materials used to construct the heels. 
A previous study by McClellan (1981) showed that forces generated 
at heel strike could be reduced considerably by wearing shoes 
with resilient heels. Komi (1987) demonstrated that jogging 
shoes decreased the amplitude of peak Fz forces associated with 
running.
Dickenson (1985) showed that magnitude of heel strike 
increased in fatigued runners from 186% of body weight to 203% 
body weight. It is known that fatigue can alter muscle EMG 
signals and cause a shift to the use of lower frequency muscle 
fibres. These slow twitch fibres are oxidative, and more fatigue 
resistant (Bigland-Ritchie 1984, Basmajian 1985). Fatigue also 
causes more of these slow twitch fibres to be recruited during
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muscle activity. Conditions imposed upon a runner that increase 
the metabolic cost of running could certainly lead to the runner 
becoming fatigued. A fatigued athlete is more prone to injury.
Clinically, the effects of decreased spinal mobility on 
force platform variables has been investigated. Khodadadeh 
(1988) collected force platform data from 20 normal adult males, 
and from 30 adult patients scheduled for lumbar spine surgery for 
a variety of pain syndromes. All subjects walked 6 times over a 
force platform at their preferred velocities. Analysis of the 
results showed that the surgical group deviated from the normal 
group with respect to vertical, AP, and ML ground reaction 
forces. The amplitudes of vertical, AP, and ML reaction forces 
were lower in the pre-surgical group. Also the time taken to 
complete one step was 33% greater on average, in the pre-surgical 
group subjects. This is to be expected. Someone with back pain 
walks slower to minimise their discomfort. Spinal discomfort 
limits mobility, and hence affects force platform measurements. 
Robinson (1987) reported an improvement in gait symmetry between 
right and left legs, as measured by the force platform, after 
chiropractic manipulation of the sacro-iliac joint. He used nine 
subjects, all with decreased sacroiliac joint mobility.
Herzog (1988) assessed the effects of sacro-iliac joint 
manipulation on force platform variables. Eleven subjects 
suffering from low back problems participated in the study. 
Sacroiliac joint mobility was assessed by the chiropractor 
participating in the study. All of the subjects had a unilateral 
sacro-iliac problem. Subjects were required to walk across a 
force platform 3 times with the right foot, and 3 times with the 
left foot, before and after manipulation. The trial lasted for 6
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treatment sessions, the protocol being the same at each session. 
There were statistically significant changes in vertical and ML 
external loading between the involved and non-involved sides, 
from early to late treatment sessions. Herzog concluded that 
certain ground reaction forces change during gait for patients 
undergoing manipulation for a sacroiliac joint syndrome. He 
speculated that these changes could be due to changes in internal 
forces of muscles and ligaments, secondary to the manipulation.
These studies by Robinson and Herzog were encouraging for 
this investigator because they showed that increasing the
mobility in an area of low back immobility, has measurable 
biomechanical effects. Also, because the area that this 
investigator was researching, the lumbar spine, has much more
mobility than the sacro-iliac area, it was logical to assume that
even greater biomechanical changes would be detectable. However, 
the temptation to rely heavily on the study by Herzog was
tempered with caution. Sacro-iliac dysfunction often causes the 
patient to assume an antalgic position when standing or walking. 
This is done automatically to reduce the pain. After a 
manipulation, or any treatment that reduces pain, the patient is 
able to walk more normally, more symmetrically. This could 
certainly show up in force platform measurements. Thus, the 
measured changes in Herzog's study may have been due solely to 
the fact that the subject could stand up straighter due to 
decreased pain. The altered force platform readings may have had 
nothing to do with changes in mechanical forces acting within and 
on the sacro-iliac joint.
The studies by Robinson and Herzog relied on motion 
palpation to assess sacro-iliac mobility. Although this is a
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valuable clinical adjunct, it is, like many clinical assessment 
techniques, subjective. A review of the studies looking at intra 
and inter-examiner reliability for motion palpation show good
correlation value for intra-examiner reliability (Carmichael 
1987, Herzog 1989, Love 1987, Mootz 1989) but poor to moderate 
correlation for inter-examiner reliability (Mior 1985, Mior 
1990, Herzog 1989, Nansel 1989, Mootz 1989). Thus, studies 
relying on motion palpation have to be viewed with the
realisation that the method used is subjective.
Attempts have been made to determine if there is a symmetry 
between right limb and left limb, force platform variables.
Hamill (1984) demonstrated that there is a high degree of 
symmetry in ground reaction forces between right and left lower 
limbs. Hannah (1982), and Fisher (1978) demonstrated symmetry in 
walking for kinematic and temporal gait patterns. Other authors 
have reported that symmetry is not present (Rosenrot 1980, Singh, 
1970) . It is often assumed that such symmetry exists in gait, 
and information is collected from one side of the body only. 
Also, factors such as time for data analysis, equipment
limitations, and computer storage facilities, make it reasonable 
to collect data from one side of the body only. After reviewing 
the literature, Arsenault (1986) stated "the bilaterality aspects 
of "gait have been ignored as an issue most of the time and 
generally symmetry has been assumed for the sake of simplicity of 
data collection and analysis." Arsenault's EMG results showed 
almost identical shapes of EMG linear envelopes between right and 
left lower limb muscles. There were differences in amplitudes, 
however. Pierotti (1991) also investigated gait symmetry- for 
lower limb EMG data. He concluded that there was a fair degree
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of symmetry in the muscles investigated, but that individual 
differences were present. He made the observation that symmetry 
could be affected simply by inaccuracy of electrode placement on 
the right and left sides. It cannot be assumed that electrode 
placement is identical on the right and left sides.
Analyzing data for symmetry could yield useful information, 
and this was done for the initial subjects in this study. 
Symmetry was not an essential requirement for this study. It was 
assumed that the same neuromuscular controlling factors that 
define running on one side of the body, operate on the other
side. Although the amplitude of a kinetic or kinematic variable 
may vary from left to right, the same basic patterns of activity 
are present. This difference in amplitude is the effect of
preferred limb dominance (Singh 1970, Rosenrot 1980). Since the 
predicted effect of the cast had to be to either limit spinal 
motion bilaterally, or to limit no motion at all, it is difficult 
to see how the cast could affect kinetic and kinematic variables 
on one side of the body only. Therefore, it was decided to 
collect data from the right side of the body only.
The forces acting on the body include both internal and 
external forces. In running, the external forces are the 
gravitational forces, and the ground reaction forces, which act 
between the foot and ground. The internal forces would be those 
associated with the muscles and ligaments (Winter 1990). Factors
contributing to the Fz reaction forces would be the subject's 
mass, the gravitational constant for objects in free fall, 9.81 
m/s/s, and the height of free fall. The ground reaction forces, 
Fx, Fy, and Fz, are measured by a force platform. The 
measurement of internal forces requires, amongst other things,
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the calculation of accelerations of centres of mass of various 
body parts, and angles of segments in different planes. These 
can be calculated from displacement data which ideally are 
collected simultaneously with force plate data. Since it was not 
possible for us to measure these internal forces, we were
restricted to dealing with external forces in this experiment.
SECTION 3-5.2 METHODS
Please refer to Figure 3 to see the force platform set-up.
The pictures of the actual set-up that subjects used in the
gymnasium, did not come out. This set-up was in the gait 
laboratory. Technical information regarding the Kistler force 
platform is in the Appendix.
Volunteers ran across a Kistler force platform, striking it 
with the right foot. Up to 10 practice runs were done, depending 
upon the number of trials needed to hit the force plate
naturally, without shortening or lengthening the stride. This 
was controlled by the observer watching each trial, and by asking 
the subject after each run whether he had to shorten or lengthen 
the stride. Once the volunteer could consistently strike the 
force plate in a natural stride, a piece of tape was placed down 
to mark his starting point. After each trial, volunteers walked 
back to the starting point. Two photocells were placed 2 metres 
apart, on the left side of the force plate runway. Beam 
detectors were placed directly opposite the photocells, on the 
opposite side of the force platform runway. The photocells and 
detectors were at a height of 0.75 metres. Volunteers 
approaching the force platform interrupted the photocell beam. 
The time taken to run the two metres between the two photocells
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FIGURE 3. Force platform set-up.
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was then recorded and displayed digitally, and the velocity 
calculated. Only velocities that registered between 3.4 m/s and 
3.9 m/s were accepted. This included the desired velocity of 
3.61 m/s, one of the initial speeds for the EMG and treadmill 
experiment. Then, repeat trials were run until the platform was 
contacted within its perimeter 10 times with each foot. This 
task stage was carried out in the laboratory at West London 
Institute, College of Brunei University.
The measurement error of the visually displayed velocities 
was assumed to be +- 0.01 m/s. No information was available. 
The number displayed digitally was given to the nearest .001.
SECTION 3-5.3 PROBLEMS
For our study, no attempt was made to control the type of 
running shoes used. At the outset, it was felt that if there 
were kinetic and kinematic changes secondary to decreased spinal 
mobility, the type of running shoe used would not mask such 
changes in an experiment where . each subject served as his own 
control. One type of shoe may enable the runner to utilise 
energy more efficiently, but if spinal restriction increases the 
energy requirement in running, it will do so regardless of shoe 
type. The results that have been obtained have occurred across a 
wide range of running shoe types. This justified the decision 
not to control footwear.
Trying to limit the velocity to a narrower range was too 
time consuming. By trial and error, it was found that the 
velocity range between 3.4 m/s and 3.9 m/s gave very good 
repeatability between subjects. The velocity used for collecting 
force platform data, approximately 3.61 m/s, was decided upon
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while we were collecting EMG data at 2.5, 3.61, and 4.72 m/s.
After having collected force platform data on 8 subjects, it was 
necessary to use 2.5 m/s for EMG and 02 data collection. The 
subjects had a difficult time running for 6 minutes with the cast 
on, at 3.61 m/s. This problem could not be foreseen at the 
beginning of the experiment. 2.5 m/s gave no such problems, and 
was decided upon out of necessity as the speed for EMG and 02 
data collection.
SECTION 3-6.0 MEASUREMENT OF EMG DATA
AND PURPOSE
Electromyography studies muscle function via electric 
activity associated with muscle activity. The functional unit of 
a muscle is the motor unit. This consists of the nerve cell 
body, the axon, its branches, and all of the muscle fibres 
supplied by the terminal nerve branches. An impulse travelling 
down the nerve causes the associated muscle fibres to contract at 
about the same time. Contraction of a muscle yields externally 
measurable electrical activity. It is this activity which is 
detected by the EMG.
SECTION 3-6.1 PREVIOUS WORK AND DISCUSSION
There are three types of muscle contraction thought to occur 
in voluntary muscles:
1. Concentric - This occurs when a muscle contracts and 
shortens. This is one type of contraction that occurs in 
running.
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2. Eccentric - This occurs when tension developed in the 
muscle is not sufficient to maintain muscle length, or to cause 
the muscle to shorten. Thus, muscle length increases while the 
muscle is contracting. In an eccentric contraction, fewer fibres 
are activated for a given load. Since fewer fibres share the 
same load, the potential for damage to a muscle is higher. This 
occurs when the knee, hip, and ankle are flexing during running. 
Correlation of kinetic and kinematic data at this time may 
provide valuable information regarding injured and non-injured 
runners.
3. Isometric - This occurs when a muscle exerts tension,, 
but its length stays the same. Since this can be used to test
for a maximal voluntary contraction (MVC) , it is an absolute
value against which EMG contractions can be measured, and
recorded as a percent of an MVC. This type of contraction can***-
be analyzed in the frequency domain. A fatigued muscle shows a 
characteristic shift towards lower frequency, with an increase in 
the number of fibres contracting (Bigland-Ritchie 1984, Basmajian 
1985). This is the only type of muscle contraction that shows a 
linear amplitude to force ratio (Edwards 1956, Bigland 1954, 
Milner-Brown 1975).
Winter (1983) collected force platform and photometric data 
on 11 joggers. He concluded that the leg was mainly an extensor 
while during stance, and a flexor during swing phase. The ankle 
muscles did much more work than the knee muscles did, sometimes 
up to 8 times as much. However, the knee muscles absorbed 3.6 
times as much energy as they generated. The ankle muscles 
generated 2.9 times as much as they absorbed.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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different rates. By the time the EMG signal reaches the distal 
muscle, the distortion is more than it is closer to the motor 
point.
The similarities between Basmajian (1985) and Loeb (1986) 
are that they both avoid electrode placement directly on the 
motor point, and close to the tendon. One must be able to 
reproduce an accurate and valid EMG signal in the same subject, 
on different days, and get repeatable results. Other researchers 
should be able to duplicate a method and get results that are 
similar, assuming other experimental conditions are held 
constant. The method chosen by this author to locate electrode 
sites involves measuring a known percentage of the distance 
between two known, palpable landmarks, with the first electrode 
being the more superiorly placed one. It is felt that errors in 
locating the landmarks used were minimal due to this researcher's 
15 years experience in locating these landmarks in thousands of 
patients. The use of landmarks makes it easier to approximate 
the same site day after day in a subject. It also ensures better 
standardisation between subjects, regardless of differences in 
height.
The close inter-electrode distance as recommended by Zipp 
(1982) and Loeb (1986) is used in this experiment. It minimises 
signal distortion and noise from unwanted muscles.
Surface EMG is useful in detecting the global activity of a 
muscle. It correlates well with mechanical events, such as heel 
strike, or toe off.
Basmajian (1985) has shown that no noticeable surface EMG 
information is detected below 20 Hz, or above 500 Hz. All EMG 
data collected by this author prior to coming to this university,
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was done between 50 Hz and 1000 Hz, at the suggestion of the 
researchers. All work done at Surrey has used a range of 50 Hz 
to 500 Hz.
SECTION 3-6.2 METHOD
Figure 4 shows the Medelec amplifier used for EMG signal 
collection. A pre-amplifier can be seen just in front of the 
amplifier. Figure 5 shows the set-up for processing the 
collected EMG signals. The apparatus for signal processing is 
contained on or within the wooden frame. The signal rectifier is 
on the left-hand side of the second shelf from the top. It has 
two wires coming out of it. Directly below the rectifier is the 
tape playback unit. The AD converter is on the very bottom. The 
oscilloscope is to the right of the signal apparatus, and the 
computer for manipulation, storage and visualization of the 
signals is to the right of the oscilloscope.
Refer to the Appendix for technical information on the 
Medelec Amplifier, and the TEAC recorder.
EMG signals were collected for the following muscle groups 
during treadmill running by volunteers: 
erector spinae biceps femoris
quadriceps gastrocnemius
The initial measurements compared left\right symmetry, defined 
baseline patterns of the selected muscles, and demonstrated 
velocity dependent changes in individual muscles. Later 
measurements on the second Surrey group only involved data 
collection on the right sided muscles.
The initial group of volunteers in Rome ran at 1.9, 2.78, 
4.17, and 5.56 m/s. The first group of volunteers at Surrey
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FIGURE 4. Experimental EMG set-up.
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FIGURE 5. Signal processing set-up.
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University ran at 2.5, 3.61, and 4.72 m/s. The final group ran 
at 2.78 m/s. Each volunteer ran on the treadmill for 2 minutes, 
to familiarize himself with treadmill running. If any subject 
had not felt comfortable with treadmill running after 2 minutes, 
he was to be given more time. No one requested more time, nor 
did any subject say that he was not comfortable with treadmill 
running. For cross reference, a foot contact switch was used 
during treadmill running to give a time sequence marker against 
which the EMG data were correlated. The same procedure was 
repeated for each volunteer after lumbar fixation by casting.
The skin for the electrode sites was abraded with a gel in 
order to decrease the resistance secondary to dead skin or oil. 
Self adhering, pre-gelled electrodes (Cambridge Electronics) were 
placed on each subject as follows:
Erector spinae - midpoint of the electrode at the level 
of the fourth lumbar vertebra, 50 mm to either side of the median 
furrow.
Quadriceps femoris - The top electrode was placed 50% of the 
way between the anterior superior iliac spine (ASIS), and the 
beginning of the common patellar tendon.
Biceps femoris - The midpoint on the gluteal fold was 
chosen. The distance from here to the mid-line of the popliteal 
space was then measured. A point half way down this line, and 20 
mm lateral, was chosen. The medial edge of the bottom electrode 
was placed here.
Gastrocnemius - The point one half of the distance between 
the popliteal space and the split of the two heads of the 
gastrocnemius was found. The centre of the top electrode was 
placed 20 mm lateral to this.
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The second electrode on all leg muscles was placed so that 
the inter electrode centres were 40 mm apart- The adhesive 
borders of both electrodes were not touching.
In order to minimise motion artifacts, all wires were taped,
or fastened with velcro. They were fastened at 2 sites. The
first was to the skin, 60 mm from the site of electrode 
attachment. This was where the two electrode leads were 
contained within the common insulation sheath, before they 
bifurcated. The second site was at the waist with a belt. This 
was a convenient site because all electrodes passed by this area.
The subject was asked to run as normally as possible, 
looking straight ahead. He commenced running, and the velocity 
was built up gradually within 10 seconds to 2.5 m/s. After 
checking that there was an EMG signal output on the oscilloscope, 
the trial commenced without informing the subject. The actual 
data collection period lasted about 10 seconds. This enabled us 
to collect data from at least 10 steps, and analyze it 
statistically. Each footfall was counted as 1 trial. The 
subject was then told that the trial had finished, and the 
velocity was gradually decreased until the treadmill belt had 
stopped. The subject rested for 2 minutes. Then, the procedure 
listed above for 2.5 m/s was repeated at 3.61 m/s, and 4.72 m/s, 
with 2 minute rests between each velocity increment.
All EMG signals were fed into an amplifier, with a lower 
cut-off of 50 Hz, and an upper cut-off of 500 Hz. Signals were
sampled at a rate of 1500 per second. The signals were full wave
rectified, fed into an analog to digital convertor, and stored on 
a pc for later retrieval.
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Data acquisition was made using a pair of self adhering, 
pre-gelled silver/silver chloride electrodes attached over a 
muscle site. A pair of bipolar electrodes conveyed the EMG 
signal to a preamplifier (Medelec AA6 Mk II) . The signal was 
then passed to the variable gain, variable frequency range, 6 
channel amplifier. It was recorded on a 7 channel TEAC FM 
recorder.
Signal processing began by passing the stored signal from 
the TEAC recorder simultaneously to an oscilloscope for viewing, 
and to the rectification unit. A bypass connection permitted 
storage of the signal in the raw form. This allowed for 
frequency analysis, if required, at a later time.
The signal then passed into the CED 1401 unit for analog to 
digital conversion. Digital data were then passed to a pc, where 
Sigavg software (Cambridge electronics) performed selected 
operations. There were two important operations used in this 
project. The first was identification of specific points on the 
time axis that correlated with heel strike and toe off. Sigavg 
can display the specific foot switch signal on the screen. By 
moving the cursor on the x axis to the vertical lines indicating 
heel strike and toe off, the time value of these events is 
displayed, i.e. heel strike occurs at 345 ms, 710 ms, 1060 ms, 
etc. The second useful application was the calculation of the 
area under a rectified EMG signal. Sigavg does this by 
calculating the mean amplitude value of an area between user 
selected cursor values, and multiplying this mean value by the 
time between the cursors. This method is used widely in EMG 
analysis work. Data could then be stored on floppy disk, or 
printed out directly.
83
SECTION 3-6.3 PROBLEMS
Initially, there was a problem with electrodes coming off of 
the subjects in Rome. This was due to the high humidity, which 
could not be controlled. Wiping the entire lower extremity and 
back helped somewhat, as did scheduling all experiments in the 
morning. It was necessary to have an accurate method of 
replacing electrodes fast, since most subjects required at least 
one replacement.
Motion artifacts were a problem with some subjects when they 
ran with the cast on. In fact, erector spinae data for three
subjects had to be thrown out because of this. The problem arose 
due to the cast rubbing against the site of attachment of the 
electrode overlaying the erector spinae. None of the other 
muscles were ever affected similarly, nor was the erector- spinae 
affected during the uncasted trials. This problem was resolved 
satisfactorily by placing some cotton over the electrode 
attachment site prior to putting the cast on.
SECTION 3-7.0 MEASUREMENT OF CASTING DATA
AND PURPOSE
An external method of temporarily restricting spinal motion 
was devised. It involved putting a pre - formed cast around the 
dorso-lumbar area. Results were quantified by measuring the 
spinal ranges of motion without the cast, and with the cast. The 
cast served as the independent study parameter.
SECTION 3-7.1 PREVIOUS WORK AND DISCUSSION
There were three possibilities when considering how to best 
duplicate spinal restrictions in our experiment.
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1. A pathological model of spinal motion restriction.
Three pathological models were considered.
A. Subjects who had a surgical spinal fusion in the
lumbar area.
B. Subjects who had ankylosing spondylitis.
C. Scoliotic subjects who had a rod type of fusion
extending from the dorsal to the lumbar spine.
All groups would have had an obvious spinal motion 
restriction. However, this was rejected for several reasons. 
The idea of having these subjects run was ruled out for safety 
and ethical reasons. The likelihood of obtaining enough 
subjects, with the above mentioned pathologies to justify
statistical requirements, was not very high. It was felt 
subjectively that our experimental methods might not have been 
sensitive enough to detect any changes between these subjects and 
normal subjects during walking. Thus, the pathological model was 
rejected.
2. Recruit runners who had some motion restriction
involving the spine. But assessing the degree of restriction 
would have relied on unacceptable methods. There was the 
possibility of taking cine roentgen films of the subjects. This 
was rejected because the radiation of healthy subjects for the 
purposes of this experiment would not be ethical. Another 
possible method of determining spinal mobility would have been 
motion palpation. This is a subjective patient assessment 
technique to determine the amount of relative mobility between 
each pair of vertebrae. This would have been taking the 
experiment into the clinical realm. In addition, some type of
procedure would have been required to reduce the spinal
85
restriction; i.e. spinal manipulation, so that before and after 
measurements could be taken. The tasks of validating a 
subjective clinical procedure such as motion palpation, 
establishing a clinical setting and a clinical protocol for 
spinal manipulation for this experiment, in addition to doing all 
of our experimental work, would have been a very challenging 
project. Since the clinical assessment method of motion 
palpation has not been shown to be reliable, and since ethical 
approval would not have been given for this investigator to deal 
directly with physically examining subjects, this approach was 
rejected. It is felt that a clinical project as mentioned above, 
would be feasible on its own, in the future.
3. Devise a way of restricting spinal motion by external 
means. A casting method was decided upon which was non-invasive, 
and could be applied when required. The effects on ranges of 
spinal motion could be assessed under controlled circumstances, 
and therefore its effects on kinetic and kinematic variables in 
runners could be measured.
A review of the literature revealed no previous work on 
utilising a casting method for restricting spinal motion whilst 
running. An early article by Caro (1960) discussed the effects 
of chest strapping on chest cage expansion and pulmonary function 
in man. He had the subjects breathe out completely, and then 
used a taping technique to restrict the chest. Results showed 
that total lung capacity decreased, respiratory frequency 
increased, and tidal volume decreased. In our technique, a rigid 
cast was anchored to the pelvis inferiorly, and the ribs 
superiorly. Since the pelvis is not compressible, we could not 
tighten the cast as much as Caro did. Therefore, interference
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with chest expansion would be less. We tightened our cast during 
inspiration, so that chest compression would be minimised.
Since natural lumbar lordosis varies from person to person, 
the effect of having all subjects conform to a nominal standard, 
i.e. the same cast, must be discussed.
Anyone who has viewed several thousand radiographs of the 
lumbar spine has a fair idea of the variance present in the 
normal lumbar lordosis. This depends to a large extent upon the 
sacral base angle, which is the angle between L5 and the sacrum. 
It is normally about 41 degrees (Hellems 1971) . Although it is 
not difficult to look at a radiograph and determine whether a 
lumbar lordosis is normal, hyper-lordotic, or kyphotic, it can 
sometimes be difficult to look at someone from a lateral 
position, and determine whether the lumbar curve is normal or 
not, especially if they are obese. The model for the cast was 
someone who was not obese, who had a good range of lumbar flexion 
and extension, and who appeared to have a normal lumbar curve. 
This last criterion was somewhat subjective, but based upon the 
examination of thousands of low backs, it is felt that the 
subjectivity was as minimal as humanly possible.
A subject's natural lumbar curve could be altered by several 
casting methods. If an individual cast is moulded to the subject 
while he assumes a hyper-lordotic or kyphotic posture, then 
wearing of the hardened cast would obviously alter the normal 
lumbar curve. This was not done. If the three point casting 
method, as discussed by Leveau (1992), was employed, then the 
lumbar curve could be forced into a hyper or hypo state. 
Basically, this requires a force in one direction to be countered 
by two parallel forces in the opposite direction, with one line
87
of action above, and one below the line of action of the single 
opposing force. The cast must be higher on the side of the two 
parallel forces. This is designed to correct a postural spinal 
deformity. This method was not used because it was inappropriate 
for our purposes. Casting to alter a curvature requires that the 
motion of the part to be altered be reduced to the minimum 
possible. Later, it will be shown that although our cast did 
restrict all ranges of spinal motion, approximately 50% of 
flexion and extension remained even with the cast on.
It was reasonable to make the assumption that most of the 
subjects would have had a normal lumbar curve, since they were 
drawn at random from the population of male runners. It was 
expected that if the cast had different effects on subjects by 
forcing a change in their natural lumbar curvature, then there 
would be a wide variance in the ranges of motion. As results in 
chapter 4 showed, ranges of motion were consistent across a 
population of varying size. Since the age of the population was 
skewed towards the 20 to 30 range, and towards those who ran 
regularly, it was also reasonable to assume that the spinal 
pathologies likely to be seen with advancing age, and other 
spinal pathologies and degenerative changes which would preclude 
one from running, would have been minimal in our population. 
This would have the tendency to further skew the population 
towards those who had a normal spinal configuration.
It was felt that despite the drawbacks to the method of 
casting employed, results obtained justified using our method, 
assuming a population similar to ours. This could be important 
for laboratories with a limited budget, who want to collect data 
on a large number of subjects.
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Another point to consider is the possibility that the cast 
would somehow interfere with the normal load on the spine that 
occurs during running. It was possible that the cast somehow 
transferred a load from the lumbar musculature to the pelvis 
either directly, or indirectly by increasing intra-abdominal 
pressure. Lantz (1986) tested the effects of various types of 
lumbar back braces on restricting gross body motions. The one 
that was most effective in restricting overall spinal motion was 
the moulded plastic brace, the one that we use in our 
experiments. If the goal of a back brace is to relieve the load 
on the spine, then the brace must restrict flexion, since it is 
the flexion moment that contributes most to loading spinal 
musculature. Spinal loads are partly determined by the need to 
balance moments caused by the weights of the upper body segments, 
as the segments vary from the vertical. If the trunk, an upper 
body segment, is restricted in its motions, there is less of a 
load on the spine, and it could be assumed that EMG activity 
would be less.
In a follow-up study, Lantz (1986) tested the effects of 
spinal braces on trunk muscle EMG activity. All subjects did a 
variety of lifting and twisting tasks. None of the spinal braces 
used were effective in a consistent manner in reducing erector 
spinae or external abdominal oblique EMG activity. It would be 
expected that if in fact the braces transferred loads away from 
the spinal musculature, that EMG activity would be less. Lantz 
reports that in many cases the EMG activity level was actually 
higher when the spinal brace was worn.
A study by Nachemson (1983) was done to test the effect of 
spinal braces on several variables, including intra-gastric
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pressure and erector spinae EMG activity. An increase in 
intra-gastric pressure could indirectly transfer loads away from 
spinal muscles, and thus decrease erector spinae EMG activity. 
All subjects were required to perform a series of tasks with and 
without braces. Intra-gastric pressure was measured with a 
pressure sensitive radio transducer encapsulated in a cylinder, 
and swallowed. The results showed that wearing the braces did 
not result in any clear trend with regard to intra-abdominal 
pressure. There also was no clear trend in the EMG activity of 
the erector spinae muscle. An earlier study by Morris (1963) 
also demonstrated that there was no consistent change in 
intra-abdominal pressure when a back brace was worn. If the 
brace somehow transferred or reduced the load on spinal 
musculature, there should have been a consistent reduction in EMG 
activity of the erector spinae muscle. This did not happen.
One consideration must be that any changes in variables 
between the casted and uncasted states could possibly be 
explained by the weight of the cast alone. Cureton (1978) showed 
that there was a higher metabolic cost to locomotion if weights 
were added to the trunk. However, the changes were small, and 
the weights used were larger than 700 grams, the weight of our 
cast.
Running without the 700 grams, the weight of the cast, in 
the uncasted state would have little effect on force platform 
readings. If we consider a free falling object, the potential 
energy is determined by mgy, where m = mass of the object, g = 
9.81 m/s, and y = the height from which the object falls. A man 
with a mass of 75 kg, falling feet first off of a platform .5 
metres high, will have a potential energy of 3 67.9 N. The same
90
man, with an additional mass of 700 grams, will have a potential 
energy of 371.3 N. This is a difference of slightly less than 
1%. All of the changes seen in the casted state in this 
experiment were much greater than 1%. Thus, if the sweatshirts 
had weighed slightly less than the cast, or if no sweatshirts had 
been used, the changes seen could not be attributed to the slight 
difference in mass between the uncasted and casted states.
The use of a weighted belt around the waist was ruled out 
because it would have to have been firmly fastened in order to 
prevent it from moving around during running trials. Also, 
anything fastened near the waist might interfere with the erector 
spinae electrodes. The use of weights on the lower extremity was 
ruled out because of possible energy changes. Martin (1985) 
showed that a weight of 1 kg. added to the thighs did raise the 
rate of oxygen consumption by about 3.5%. He concluded that the 
increased oxygen consumption was due to the increased inertia of 
the loaded segments.
SECTION 3-7.2 METHOD
Figure 6 is a front view that shows how the cast looked when 
in place. The perforations allowed for shoe laces to be used for 
cast tightening. They also decreased the weight of the cast. 
The black belt increased the tightness of the cast. It can be 
seen that the running shorts were placed outside of the cast. 
This allowed for tighter contact between the cast and the 
subject's body.
Sansplint thermoplastic casting material (Smith and Nephew 
Medical, Hull) was placed into a bath of 80 degree C water for 2 
minutes. It was then removed, and moulded over the subject, from
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
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the right sacrum postero-inferiorly, and the rib cage 
postero-superiorly, to the right anterior superior iliac spine 
antero-inferiorly, and the rib cage antero-superiorly. The 
process was then repeated for the left side. The two pieces 
formed a removable cast which could be tightened to restrict low 
back mobility. This tightening is enhanced because the casting 
material is perforated, and can be tightened like a corset, if 
several shoe-laces are used. The author performed the casted 
trial before anyone else, to determine whether it interfered with 
breathing during running. He was able to run up a 6% grade for 8 
minutes, without any breathing difficulty. This cast ensures 
that the ribs and pelvis move as one unit, restricting overall 
lumbar motion. The cast is made in two piece so that it can be 
removed for different trials. This also allows for tightening if 
necessary, to further decrease lumbar motion.
In order to avoid any problems due to differences in weight 
between the uncasted and casted states, uncasted subjects run 
with two sweatshirts on. This ruled out any kinetic or kinematic 
changes that could be due to the weight of the cast alone. A 
test of 6 typical sweatshirts showed that the weight varied 
between 300 and 400 grams. This was a very close approximation 
to the 700 grams of the cast. The sweatshirts did not interfere 
with running.
The effect of the cast on restricting lumbar motion was 
checked with a manual goniometer (Jaymar) before commencing the 
treadmill running. Volunteers were measured with, and without 
the cast on, for rotation, flexion, extension and lateral 
flexion.
The measurement error was +- 1 degree.
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SECTION 3-7.3 PROBLEMS
Due to the high cost of casting material, it was not
possible to make a cast for each individual subject. One cast
was reused for all of the subjects. Enough casting material was 
present to make two more casts. It was deemed prudent to keep 
this material in case something happened to the cast in use. The
purchase of further casting material was out of the question.
This procedure was not ideal, but was necessary in order to 
collect data from a number of subjects.
SECTION 3-8.0 SELECTION OF VOLUNTEERS
INCLUSION/EXCLUSION CRITERIA
In running, there are many factors that could have an 
influence on energy cost. These could be psychological, 
physiological, physical, biochemical, or biomechanical. Since 
the experimental procedure requires the manipulation of one 
variable and assessing the outcome, it is essential to minimise 
the influence of other variables.
For this experiment, any psychological influences on the 
subjects were minimised by not discussing, or hinting at what the 
expected results might be. Physiological influences were 
minimised by the exclusion/inclusion criteria. Thus, subjects 
with cardiac or respiratory problems were excluded, since these 
types of problems could certainly influence energy use, and 
fluctuations in energy use during a trial. The same
exclusion/inclusion criteria excluded people with physical 
impairments, such as knee pathology, or arthritis, which would 
have undesirable effects on experimental results. People with
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hormonal or biochemical problems such as diabetes were also 
excluded by the selection criteria.
Human volunteers were involved in the research. They were 
all healthy, with no history of low back pain. Each volunteer 
signed a standard consent form after receiving a full explanation 
of what the research was about and how it was to be conducted. 
All volunteers were tested under the supervision of experienced 
staff. They were instructed not to exert themselves in any way 
they believed to be unsafe. They were instructed to stop any 
action immediately if they experienced any discomfort, physical 
or emotional. They were not permitted to exert themselves in any 
way considered to be unsafe by staff.
Volunteers were recruited by invitation from University 
students and staff, and through local sports clubs. The 
volunteers were paid a participation fee of 6 pounds per 
experiment, and essential out-of-pocket expenses. Only male 
volunteers were used initially to eliminate possible gender 
related performance differences, and to ease the anatomical 
problems of casting near the sternal area. The age range was 
between 18 and 55 years. Only those subjects who ran at least 8 
kilometres per week, and who had no known history of back pain or 
musculoskeletal problems, were accepted.
Prior to initial data collection, the population from which 
subjects were to be drawn was defined. Subjects were to be male 
joggers or distance runners who ran a minimum of 4 times per 
week. Although it was agreed that anyone who fit this category 
would be considered as a fit subject for the experiment, 
practicalities indicated that most of the subjects would be drawn 
from university populations. Since all of the work was done at
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universities, it was much easier to recruit subjects from this 
population than from non-university male runners. The age limit 
was set from 18 to 55. This wide range maximized chances of
obtaining sufficient subjects. Since jogging is done by many 
people beyond 55 years of age, it was felt that this age group 
would be physically able to perform the tasks in our experiment.
SECTION 3-8.1 HEALTH SCREEN
The principal investigator asked general medical questions 
to determine suitability of volunteers for the experiment. He 
was also on hand for every subject and every experiment to ensure 
that no injuries occurred as a result of the experimental 
procedures. He was backed up by the university first aid
volunteers.
Below is the health screen that all volunteers had to pass
before being accepted. Also shown is the information sheet
explaining the experimental procedure and potential risks, and 
precautions to minimise such risks.
1. Are you currently under medical treatment for any 
health condition?
2. Are you taking medication for: cardiac problems? 
respiratory problems? allergies? diabetes? arthritis? any other 
problem?
3. Have you had any surgery in the last 2 years?
4. Do you now, or have you in the last 3 months, 
suffered from any foot, ankle, knee, hip, or low back problems?
5. Are you, or have you ever been medically restricted 
from participating in running activities?
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This experiment will require that you run on a treadmill at 
a speed of up to 10 kilometres per hour, for 6 minutes. There 
will be a rest period of 15 minutes. Then, a brace will be put 
on your low back, and the trial will be repeated. Initially, if 
you are unfamiliar with treadmill running, you will do a trial 
run of several minutes to get use to the treadmill.
During the running trials, various wires, cables, and
electrodes will be attached to different external body sites. 
This will enable us to obtain the measurements that we require. 
The only mains electrical equipment that you will come in contact 
with directly is the electromyography unit. This has been 
checked for electrical safety by our electrical department, and
several times by the manufacturer. It is certified as safe to 
use for medical research measurement.
SECTION 3-8.2 POTENTIAL RISKS
The following was given to all subjects:
Any experiment involves risks. In the interest of safety, 
the potential risks are explained below. What has been done to 
minimise these risks is also explained.
The risks fall into three categories:
1. Electrical - The risks from contact with unsafe and
unapproved electrical equipment range from skin burns to
electrocution. In order to minimise any risk of electrical 
burns, the battery powered foot switch equipment has electrical 
insulation on the part that goes into your shoe. Thus, you will 
not be touching any uninsulated wires. You will also be 
electrically isolated from the part of the circuit that feeds the
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foot switch signal into the recording apparatus. You will not be 
in direct contact with the actual battery at any time.
The only piece of mains equipment that you will be in direct 
contact with is the electromyography unit,which has been passed 
as safe to use by the university's electrical department, and by 
the manufacturer. At no time will you be connected to other 
mains equipment. Thus, the risk of any electrical injury is at a 
minimum and within safety standards.
2. Health - The risks from running by unsuitable persons 
that could theoretically occur, range from joint injuries to 
death from heart attack. The chance of unsuitable subjects 
participating in this experiment, has been minimized by the use 
of the health screening questionnaire. If you have answered the 
questions honestly, risks to your health are at a minimum.
3. Accident - The risks from accidents that could 
theoretically occur during this experiment range from cuts and 
bruises secondary to falling, to more serious contact injuries 
due to falling equipment. There is no loose equipment that will 
be able to fall upon you during the experiment. All wires will 
be fastened down, and checked regularly during the experiment to 
make sure that they cannot become trapped and pull upon you. If 
instructions regarding the use of the treadmill are followed, 
then the chances of you falling are at a minimum. The big red 
button on the right handrail is an emergency stop button that you 
can push at any time.
SECTION 3-8.3 BACKGROUND OF SUBJECTS
Subjects were drawn from 3 geographical areas: 6 from the
University of Rome, Italy; 15 from the West London Institute
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College of Brunei University; and 21 from Surrey University.
The subjects came from a variety of countries; 6 from Italy, 3 
from South America, 1 from Jamaica, 1 from Nigeria, 1 from 
Lebanon, 1 from Croatia, 2 from Greece, 2 from Germany, 1 from 
Spain, and 24 from the UK.
SECTION 3-9.0 STATISTICAL METHODS
The decision chart of Greene (1982) was used to determine 
the appropriate statistical tests for this experiment.
1. Differences between conditions is being investigated.
2. One independent variable is being tested.
3. Two experimental conditions are being used.
4. The same subject is being used in each condition.
5. The most appropriate test would be the related t test.
If it is desired to test whether the difference between two 
variables from one individual has an average value of 0, then a 
paired t test is used. If a difference between the two means 
exists, it must be determined if it is due to chance, or if there
is a statistically significant difference present. Kirkwood
(1988) states that a probability value less than 0.05 is
reasonable evidence that the difference between means is not due 
to chance. A p value smaller than 0.01 is strong evidence, and a 
p value smaller than 0.001 is considered as very strong evidence 
that there is a real difference between the means tested.
Consultation with Dr. Crowder, the statistician utilized at 
Surrey University, confirmed the decision to use the paired
sample t test to analyze data. Each subject served as his own 
control, and whether subjects ran uncasted or casted first was 
decided randomly by coin toss.
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With paired observations, the difference between the members 
of each- treatment group is analyzed. the formula used for a
paired t test is (Greene 1982):
t = ^  d__________
/^d2 - C£d)2 N-l
where d = sum of differences between uncasted and casted
values
d2 = sum of squared differences 
( d)2 = sum of differences squared 
N = number of subjects 
This t value can then be checked in a table of t values, using 
n-l degrees of freedom. The figure obtained from the table is 
the p value, which is the probability value. This p value 
determines if there is a significant difference (Swinscow 1981).
SECTION 3-10.0 PROBLEMS
One drawback to our experimental situation was that data 
collection had to occur at two different sites 50 kilometres 
apart. Force platform data was collected at West London
Institute, and all other data was collected at Surrey University 
and The Robens Institute. It was extremely difficult to get
subjects from Surrey to go to London for force platform data 
collection, and to get subjects to go from London to Surrey for 
EMG and 02 data collection. In the end, it was decided that it
would be necessary to have two separate groups; one from which
force platform data would be collected at West London, and a 
different group of subjects from which all other data would be
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collected at Surrey University. The alternative was to present 
data from the only 4 subjects who managed to go to both sites.
Initial data at the University of Rome were collected at 
1.94, 2.78, 4.17, and 5.56 m/s. With the commencing of the
casting methodology here at Surrey University, it was reported by 
the subjects that it was extremely difficult to run at 5.56 m/s 
with the cast on. Therefore, speeds of 2.5, 3.61, and 4.72 m/s 
were decided upon. All preliminary subjects were able to 
complete the trials at 2.5 and 3.61 m/s without any difficulty. 
Some subjects reported that it was somewhat difficult to run at 
4.72 m/s, with the cast on. When the final stage of the 
experiment was decided upon, it was necessary to select one speed 
for the trials. Since all subjects were required to run long 
enough to reach steady state running (approximately 6 minutes), 
it was decided to use 2.78 m/s. It was felt that 2.5 m/s was too 
slow, and that 3.61 m/s might be too fast to run with the cast on 
for 6 minutes. Subject feedback for trials at 2.78 m/s with the 
cast on indicated that this speed was very well tolerated.
It could be argued that if statistically significant results 
are obtained for force plate data in a group of 20 subjects from 
London, it is likely to assume that results would be similar for 
20 subjects from Guildford. Likewise, if the Guildford subjects 
show statistically significant differences for EMG and 02 data, 
between casted and uncasted trials, it is likely to assume that 
the London group who volunteered for force platform running, 
would produce similar results for EMG and 02 experiments as the 
Guildford group. This assumption had to be made in order to be 
able to collect data from 20 subjects. As mentioned above, the
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alternative was to base this entire work on data from 4 subjects 
only.
SECTION 3-11.0 SUBJECT ANTHROPOMETRIC DATA
The independent variable that was tested in these
experimental procedures was whether dorso-lumbar mobility had 
significant effects on selected kinetic and kinematic variables 
associated with running. In order to test this, data first had 
to be collected from normal subjects.
Table 1 gives the data about subject age. The population 
from which our sample was drawn, mostly university students, 
insured that the age distribution in our study could not 
approximate the normal population distribution for age.
Table 2 gives the data about weight, height, and age of the 
subjects. Figure 7 shows the weight and height in graph form. 
It can be seen that the physiological characteristics of the 
subjects used in this study are not a perfectly symmetrical 
representation of a normally distributed curve. However, the 
data approaches the normally shaped frequency distributions for 
weight and height.
The number of subjects was 40. The mean height was 1.8m,
and the SD was .07m. The mean height of the subjects in this
study was 6.8 cm greater than the average height for males in 
Britain. The mean weight was 75kg, and the SD was 10kg. The 
mean weight of the subjects was 4.8kg greater than the average 
weight for males in Britain.
Thus, our population was 4% taller, 6% heavier, and younger 
than the general male population.
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MEAN
SD
SUBJECT AGE
1 20
2 24
3 26
4 31
5 21
6 30
7 21
8 22
9 28
10 20
11 26
12 20
13 20
14 19
15 19
16 26
17 26
18 23
19 23
20 21
21 27
22 18
23 21
24 19
25 20
26 27
27 54
28 23
29 26
30 21
31 20
32 39
33 22
34 23
35 24
36 20
37 21
38 28
39 22
40 26
41 31
42 24
24.30
6.21
TABLE 1. Ages of subjects
SUBJECT WT HT
1 82 1.81
2 75 1.80
3 74 1.81
4 70 1.80
5 77 1.84
6 70 1.81
7 88 1.88
8 73 1.75
9 72 1.73
10 88 1.83
11 70 1.70
12 73 1.91
13 78 1.85
14 79 1.73
15 80 1.79
16 76 1.84
17 70 1.80
18 72 1.81
19 71 1.75
20 81 1.85
21 78 1.83
22 65 1.76
23 74 1.85
24 60 1.70
25 78 1.83
26 75 1.78
27 66 1.78
28 67 1.75
. 29 71 1.70
30 64 1.71
31 64 1.73
32 58 1.68
33 75 1.75
34 71 1.75
35 100 1.91
36 96 1.95
37 100 1.96
38 80 1.93
39 64 1.75
70 59 1.71
41 89 1.78
42 66 1.73
MEAN 74.70 1.80
SD 9.81 0.07
TABLE 2. Weight and height of subjects.
104
F rec^ut.n c y  
of
c
10
8
7
H
I
1.88-
M e t res
F r e ^  u e n c. \j
of 
cose*
I
ti 
i a 
/ /
I 0
8
7
(»
tT
<7*-
fOO
H
° 3
ra m s
FIGURE 7. Frequency distribution for weight and height 
subjects.
105
CHAPTER 4 RESULTS AND DISCUSSION
SECTION 4-1.0 FOOT SWITCH DATA
Prior to commencing the discussion of foot switch results, 
it was necessary to consider the treadmill, since all foot switch 
data was collected while the subjects ran on a treadmill. The 
treadmill used in this experiment had controls for varying speed 
and the angle with the horizontal. The speed range was between 0 
and 5.57 m/s. The treadmill could be elevated to an angle of at 
least 8 degrees. It could not be set to a negative angle. All 
experiments were done with the treadmill level. The measurement 
error of the treadmill speed was 0.06 m/s.
An experiment was done to compare the speed reading of the 
treadmill meter with the speed obtained by counting the belt 
revolutions, and timing them. Although a consistent error in the 
treadmill speed would have been acceptable, it was important that 
the error did not vary significantly between trials, at any given 
speed. A consistent error would have still allowed for 
comparison of data between uncasted and casted trials, even 
though the speed reported might not have been correct.
The length of the treadmill belt was determined by measuring 
and marking the exposed sections, until the entire movable belt 
had made one revolution. It was 4.6 metres long. The 
measurement error was 1 mm. Then a piece of green tape was 
placed on the treadmill frame close to the movable belt. Another 
piece of tape was placed on the movable belt. This allowed for 
counting the belt revolutions. After the treadmill belt had been 
moving for 30 seconds, measurement started. When the tape on the 
treadmill passed the tape on the frame, a stopwatch measuring
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hundredths of seconds, was started. When 10 revolutions of the 
belt had occurred, the watch was stopped, and the time elapsed 
recorded. It was then a simple matter to determine the speed, 
and compare it with the treadmill meter speed. Since the speed 
range for our experiment was from 2.5 to 4.72 m/s, treadmill 
speeds between 2 and 5 m/s were checked. Five repeat trials of 10 
revolutions were done at 2, 3, 4, and 5 m/s. Results showed a
4.9% error at 2 m/s. The range was 4.8 - 5 %. There was an
error of 5.2% at 3 m/s. The range was 5.2 - 5.3 %. There was an
error of 4.9% at 4 m/s. The range was 4.8 - 4.9%. There was an
error of 3.9% at 5 m/s. The range was 3.9 - 4%. Based on the
repeatability of these trials, it was safe to assume that the 
treadmill speeds, for our working range, were highly repeatable, 
and that the treadmill meter speed was repeatable, but was slower 
than actual speed by 5% on average, for our speed range.
EMG graphs with foot switch data superimposed showed that 
the stride time was decreased in casted running. This was true 
whether foot switch data was obtained by the foot switch method, 
or by the photometric method. It was concluded that the 
measurement error of the photometric method had no significant 
effect on results.
Foot switch data was used to correlate EMG activity with 
timed specific events in the gait cycle. To illustrate this, 
Figure 8 shows an EMG signal of the right rectus femoris muscle, 
in Subject 2. The foot switch signal is superimposed on the EMG 
signal. Heel strike (HS) , is preceded by EMG activity. The 
activity lasts for the first part of the stance phase, and then 
diminishes. During the swing phase, from toe off (TO) , to HS,
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FIGURE 8. Emg of right rectus femoris, with the foot switch data 
superimposed. This is for Subject 2, at 1.94 m/s.
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there is very little activity. The cycle is then repeated with 
the next heel strike.
The effects of increasing speed on the stride cycle are 
demonstrated in Figure 9. This is for subject 4. It can be seen 
that the stance phase is decreasing progressively, while the 
swing phase is increasing. The net overall effect is a decrease 
in the stride time as speed increases. (Vaughan 1984, Williams 
1985, Nilsson 1985)
The foot switch can also be used to show one of the major 
differences between walking and running. Figure 10 is a graph of 
the right and left foot switch data in Subject 1 walking at 1.39 
m/s. LTO and RTO mean left toe off and right toe off 
respectively. LHS and RHS mean left heel strike and right heel 
strike respectively. The time between RHS and LTO is when both 
feet are on the ground at the same time. This is the phase of 
double support. This does not occur in running. Figure 11 is a 
graph of the right and left foot switch data in Subject 1 during 
running at 1.94 m/s. The time between RTO and LHS is when both 
feet are in the air, and is called the float, or airborne phase 
of running.
Figure 12 shows right and left stride cycles as they 
occurred during a trial. This trial was done at 1.94 m/s, and is 
for Subject 3. The graph makes it easier to visualize the amount 
of time that is spent in each part of the gait cycle. Looking at 
the data for the right foot, it can be seen that 41.5% of the 
time, the foot is in contact with the ground. This is the period 
from RHS to RTO. During the remaining 58.5% of the time, the 
right foot is in the air. This is the period from RTO to RHS. Of 
this total time of non-contact, 25 % is spent during the float,
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FIGURE 10. Right and left footswitch data superimposed. This
trial was done walking at 1.39 m/s. Subject 1.
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FIGURE 11. Right and left footswitch data superimposed. This
trial was done running at 1.94 m/s. Subject 1.
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FIGURE 12. Right: and left foot switch data running at 1.94 m/s
Subject 3.
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or airborne phase of gait. This is represented by the periods 
from RTO to LHS, and LTO to RHS. The entire swing phase and the 
float period of the swing phase both increase as speed increases.
When discussing symmetry of kinetic and kinematic variables, 
it is important to consider the component parts of the variables 
when they are graphed. For the EMG, force platform, and foot 
switch data collected, the x axis represents time, and the y axis 
represents amplitude, expressed in volts for the EMG and foot 
switch data, and in percent body weight or Newtons for force 
platform data.
The foot switch data was the easiest to analyze because the 
y values were either zero or positive. The circuit was either 
closed, indicating foot contact and a positive y value, or the 
circuit was open, indicating that the foot was off of the ground 
and the y value was zero volts.
A look at Table 3 shows foot switch data for right versus
left foot, for subjects 2 - 6 .  This table represents the data for
the entire stride cycle, from heel strike to heel strike. For
each subject, the data for right and left was collected during 
the same trial. Due to occasional loss of a foot switch signal 
because of poor contact, not all trials were paired samples.
Four different speeds were used; 1.94, 2.78, 4.17, and 5.56 
m/s. These are shown in column 2. The number of trials is shown 
in columns 3 and 6. Student t tests were done for right versus 
left, at each speed, for each subject. The means and standard 
deviations for the right foot are shown in columns 4 and 5 
respectively. The means and standard deviations for the left foot 
are shown in columns 7 and 8 respectively. There were no
statistically significant differences between right and left, at
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SPEED TRIAL MEAN SD TRIAL MEAN SD
M/S NO. CYCIE RIGHT NO. CYCIE LEFT
RIGHT TIME LEFT TIME
MS MS
2 1.94 46 775 17.4 48 772 21.7
2.7B 51 731 18.6 49 731 19.7
4.17 66 654 19.4 63 653 19.9
5.56 68 542 21.1 70 543 20.8
3 1.94 42 751 23.1 40 754 20.2
2.78 50 712 23.6 48 714 26.5
4.17 51 628 18.2 51 626 17.7
5.56 56 574 22.1 56 574 21.7
4 1.94 26 782 24.5 25 786 21.3
2.78 30 756 11.7 32 757 14.9
4.17 29 695 19.4 28 698 17.6
5.56 34 593 27.1 33 593 23.4
5 1.94 29 760 19.3 31 761 17.1
2.78 36 750 9.4 34 751 8.5
4.17 46 696 10.3 44 696 11.4
5.56
6 1.94 38 713 13.6 36 713 13.7
2.78 42 702 14.2 39 701 15.1
4.17 40 656 10.3 38 652 11.2
5.56 46 588 16.3 46 588 17.1
TABLE 3. Right and left foot switch data representing the time fo
a complete stride. This data is for subjects from Rome. /
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any speed, for any subject. For foot switch data representing 
the entire stride cycle, it can be said that there is symmetry 
between right and left. It can also be said that this symmetry 
was present at all of the speeds used in this experiment.
Tables 4 and 5 show the same data as in Table 3, but they 
are broken down into stance and swing phases of gait 
respectively. There are 10 instances when the stance phase of 
gait alone shows a statistically significant difference between 
right and left. There are 8 instances when both the stance and
swing phases of gaits show statistically significant differences
between right and left. However, in these instances, if the 
stance phase is greater in one limb, then the swing phase is
greater in the opposite limb. The net effect is that no
significant differences occur for the entire stride cycle.
From the foot switch data presented, it can be concluded 
that there is symmetry from stride to stride, but the components 
of the stride cycle, stance and swing phases, do not always 
exhibit symmetry individually. This is not a requirement for 
gait. For the purposes of gait, the end result is a repeatable, 
coordinated movement, as is evidenced when watching subjects run. 
Perfect symmetry between right and left does not occur. This is 
in agreement with Hamill (1984), Arsenault (1986), and Pierotti 
(1991).
The differences in foot switch data between the casted and 
uncasted states will be examined next. All data is paired, so a 
paired sample t test was used to analyze all casted versus 
uncasted data.
Table 6 shows foot switch data for casted versus uncasted 
trials, for Subjects 7 - 11, 15 - 28, and 32. This table
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SPEED TRIAL MEAN SD TRIALS MEAN SD
M/S NO. SINCE RIGHT NO. SINCE LEFT
RIGHT TIME LEFT TIME
MS MS
2 1.94 25 277 27.9 23 272 16.0
2.78 30 235 9.6 29 239 14.0
4.17 37 185 4.9 31 191 3.5
5.56 40 151 5.4 42 156 5.7
3 1.94 19 245 13.2 21 242 18.6
2.78 25 218 10.9 28 215 8.5
4.17 34 162 5.5 32 165 9.2
5.56 38 146 5.1 74 144 6.6
\
4 1.94 20 309 12.8 21 287 14.2
2.78 24 254 11.9 20 272 12.5
4.17 16 201 9.2 13 196 11.6
5.56 19 162 6.5 18 151 6.5
5 1.94 26 286 14.0 27 285 15.6
2.78 30 236 4.9 27 253 6.3
4.17 32 190 5.5 30 203 4.2
5.56
6 1.94 26 289 12.6 15 302 12.3
2.78 32 228 12.5 30 233 5.4
4.17 31 183 11.2 72 181 3.5
5.56 37 145 5.5 39 146 3.2
TABLE 4. Right and left foot switch data Representing the stance
time for a complete stride. This data is for subjects from Rome.
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SPEED TRIAL MEAN
M/S NO. SWING
RIGHT TIME
MS
2 1.94 46 498
2.78 51 . 496
4.17 66 469
5.56 68 391
3 1.94 42 506
2.78 50 494
4.17 51 456
5.56 56 428
4 1.94 26 473
2.78 30 489
4.17 29 493
5.56 34 429
5 1.94 29 474
2.78 36 514
4.17
5.56
46 506
6 1.94 38 424
2.78 42 474
4.17 40 473
5.56 46 444
3D TRIAL MEAN SD
RIGHT NO. SWING LEFT
LEFT TIME
MS
20.9 48 500 21.7
20.3 49 492 19.7
16.8 63 462 18.8
15.6 70 387 16
37.3 40 512 35.4
13.1 48 499 13.6
9.9 51 461 12.9
15.1 56 430 13.2
25.6 25 499 14
29.1 32 485 60.5
14.9 28 505 19.3
18.5 33 442 16.9
23.9 31 476 24.6
11.6 34 498 14.3
8.5 44 493 11.2
17.9 36 411 19.1
13.2 39 468 16.5
10.8 38 471 11.2
15.9 46 443 18.2
TABLE 5. Right and left foot switch data representing the swine
time for a complete stride. This data is for subjects from Rome.
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SPEED TRIAL MEAN SD TRIMS MEAN SD
M/S NO. CYCLE RIGHT NO. CYCIE LEFT
UNCS TIME UNCS CAST TIME CAST
MS MS
7 2.5 10 782 10.7 11 761 8.2
8 2.5 10 719 11.1 8 671 7
9 2.5 8 768 8.4 8 758 6.8
10 2.5 10 784 12.1 9 721 17.4
11 2.5 10 704 10.6 15 694 9.3
15 2.78 22 767 15.8 20 801 17.1
16 2.78 23 713 15.1 22 707 12.8
17 2.78 21 727 10.6 22 698 13.3
18 2.78 23 698 11.3 23 695 11.7
19 2.78 22 704 16.8 23 684 11.2
20 2.78 20 793 11.7 20 775 13.5
21 2.7B 22 731 7.3 22 710 11.8
22 2.78 19 810 13.7 20 800 13.1
23 2.78 22 721 17.4 23 706 11.6
24 2.78 19 737 12.2 21 725 17.1
25 2.78 23 704 9.3 22 692 14
26 2.78 21 741 13.6 23 710 17.2
27 2.78 23 685 11.4 24 676 13.9
28 2.78 19 692 10.2 20 683 11.1
32 2.78 23 708 9.4 23 680 16.6
7 3.61 12 745 9.3 10 728 9.3
8 3.61 13 636 9.3 16 598 9
9 3.61 11 725 10.2 14 707 13
10 3.61 11 713 8.6 14 660 11.8
11 3.61 9 663 14.2 13 643 8.7
7 4.72 9 690 10.2 10 697 9.3
8 4.72 9 534 7.7 14 531 10.2
9 4.72 8 676 7.1 12 663 9.3
10 4.72 11 630 8.9 14 614 6.6
11 4.72 12 663 11.5 11 643 10.3
TABLE 6. Uncasted and casted foot switch data representing the
time for a complete stride. This is for subjects from Surrey.
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represents the data for the entire stride cycle, from heel strike 
to heel strike. Three different speeds were used for subjects 7 
- 11; 2.5, 3.61, and 4.72 m/s. Only one speed was used for all 
other subjects, 2.78 m/s. The speeds are given in column 2. 
Statistical analyses of the pooled uncasted data in column 4, 
versus the pooled casted data in column 7, shows a statistically 
significant difference (p c.Ol), with the stride cycle time being 
shorter in the casted state. Of all the analyses done, only two 
subjects showed a longer stride time for the uncasted state. One 
occurred in Subject 7, at 4.72 m/s. As mentioned earlier, some 
of the subjects had difficulty running with the cast on at 4.72 
m/s. Subjectively, they stated that they were at their limit 
physically. This was most likely due to the restriction of 
motion secondary to the cast. This was not true when they did 
they trial at 4.72 m/s without the cast. This was the reason for 
eliminating this speed for consideration in future subjects. 
Subject 7 was also a large subject. It could have been due to 
the cast becoming loose. Because of the amount of adipose tissue 
and muscle present, it was harder to secure the cast to bony 
landmarks than it was in thinner subjects. It is interesting to 
note that the only other subject who showed a greater stride 
cycle time in the casted state, Subject 15, was also heavy. 
Unfortunately, it was not possible to make an individual cast for 
each subject due to material costs. Tables 7 and 8 show the same 
data as Table 6, but they are broken down into stance and swing 
phases respectively.
An analysis of the uncasted versus casted stance phase data 
in Table 7 reveals a statistically significant difference (p 
<0.01), with the stance phase longer in the uncasted state.
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SUBJECT SPEED 
M/S
TRIMS MEAN SD TRIMS MEAN SD
NO. SINCE RIGHT NO. SINCE LEFT
UNCS TIME UNCS CAST TIME CAST
MS MS
7 2.5 10 246 9.4 11 240 4.3
8 2.5 10 251 8.7 8 231 7.4
9 2.5 8 260 6.1 8 250 9
10 2.5 10 326 15.1 9 256 7.6
11 2.5 10 251 5.4 15 246 10.7
15 2.78 22 352 10.3 20 293 11
16 2.78 23 273 15.5 22 267 10.5
17 2.78 21 270 9.7 22 265 12.6
18 2.78 23 286 10.8 23 290 13.6
19 2.78 22 294 12.4 23 312 14.1
20 2.78 20 305 10.2 20 316 12.5
21 2.78 22 296 11 22 289 11.5
22 2.78 19 286 11.2 20 276 7.5
23 2.78 22 289 11.9 23 299 12.9
24 2.78 19 287 9 21 270 7.6
25 2.78 23 301 9.3 22 289 14.1
26 2.78 21 295 15.2 23 294 13.5
27 2.78 23 274 12.3 24 272 11.4
28 2.78 19 283 11.1 20 285 11.6
32 2.78 23 275 9.9 23 274 13.5
7 3.61 12 221 11.6 10 219 11
8 3.61 13 203 5.7 16 201 12.6
9 3.61 11 227 2.9 14 224 8.9
10 3.61 11 241 15.2 14 204 * 14.6
11 3.61 9 235 12.1 13 241 3.8
7 4.72 9 194 9.3 10 163 8.7
8 4.72 9 173 4.7 14 155 5.3
9 4.72 8 195 13 12 168 10
10 4.72 11 214 6.1 14 181 9.4
11 4.72 12 291 7.2 11 294 6.6
TABLE 7. Uncasted and casted foot switch data representing stance
time for a complete stride. This is for subjects from Surrey.
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SUBJECT SPEED TRIAL MEAN SD 1EIAIS MEAN SD
M/S NO. SWING EIGHT NO. SWING LEFT
UNCS TIME UNCS CAST TIME CAST
MS MS
7 2.5 10 535 8.3 11 521 6.9
8 2.5 10 467 8.2 8 440 7.9
9 2.5 8 508 6.6 8 507 9.1
10 2.5 10 458 19.1 9 464 16.6
11 2.5 10 453 12.1 15 448 11.6
15 2.78 22 415 6.7 20 509 19.3
16 2.78 23 439 26.4 22 440 19.7
17 2.78 21 457 11.6 22 433 16.1
18 2.78 23 412 11.3 23 406 21.8
19 2.78 22 409 12.1 23 372 18.9
20 2.78 20 488 18.9 20 459 22.6
21 2.78 22 436 15 22 422 9.9
22 2.78 19 524 12.8 20 524 14.1
23 2.78 22 433 14.3 23 407 20.4
24 2.78 19 450 13.2 21 454 18.4
25 2.78 23 403 9.6 22 403 20.4
26 2.78 21 446 13.2 23 416 13.8
27 2.78 23 411 11.8 24 404 9.9
28 2.78 19 409 9.9 20 398 10.2
32 2.78 23 433 9.1 23 406 27.2
7 3.61 12 524 13.1 10 509 13.3
8 3.61 13 432 10.2 16 398 11.6
9 3.61 11 495 9.6 14 483 14.5
10 3.61 11 472 13.9 14 456 19.1
11 3.61 9 429 12.5 13 402 7
7 4.72 9 496 11.9 10 534 17.5
8 4.72 9 362 11.5 14 377 10.9
9 4.72 8 480 13.4 12 499 5.4
10 4.72 11 416 9.9 14 433 8.7
11 4.72 12 372 13.6 11 349 7.9
TABLE 8. Uncasted and casted foot switch data representing swing
time for a complete stride. This is for subjects' from Surrey.
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However, a comparison between columns 4 and 7 show that all of 
the trials done with the Subjects 7 - 1 1  (the first experimental 
group at Surrey University) resulted in a longer stance time in 
the uncasted state, whereas this pattern was not repeated in the 
next 15 subjects. The first Surrey group did each trial in about 
10 seconds, whereas the second group was required to run until 
steady state was reached. This was after 5 minutes of running. 
Running for a longer time diminished the statistically 
significant difference seen in stance times between casted and 
uncasted groups.
An analysis of the swing phase data in Table 8 reveals no 
statistically significant difference between the casted and 
uncasted states, although the trend is for swing phase to be
longer in the uncasted state. This occurred in 19 out of 29
trials, or 66%. In every case where the swing time was shorter
in the casted state, the stance time was sufficiently longer in
the uncasted state to make total stride time longer in the 
uncasted state.
From the data presented, it can be stated that the effect of 
the cast is to decrease total stride time, at all speeds. 
However, the components of the stride cycle, stance and swing 
time, do not show a statistically significant difference between 
the casted and uncasted states during steady state running. 
Different subjects compensate by altering the proportions of 
stride time versus swing time, but the overall effect is the same 
- stride time is shortened when spinal mobility is restricted.
Foot switch data is temporal data. The statistically 
significant difference obtained in stride cycle time can be 
explained by two mechanisms. The restriction of motion,
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especially of rotation, that was obtained with the cast on would 
shorten the stride length of the lead leg. The mechanism behind 
this is explained in the section on force plate results, since 
this also affects the Fx impulse. Also, the limitation of the 
erector spihae to extend" the spine, and" increase the effective 
lever arm of the trailing leg prior to toe off, could shorten the 
stride length, and the stance time. This is more properly 
discussed in the section on EMG results.
The stride length is obtained from the formula Si = TxS/Ns, 
where T = the time in seconds, S = the speed in m/s, and Ns = the 
number of strides. A look at Table 9 shows the stride lengths in 
the uncasted state in column 3, and the stride lengths of the 
casted trials in column 4. Statistical analysis shows a 
significant difference (p <0.01), with the stride lengths being 
longer in the uncasted state.
Cavanagh (1982) varied stride lengths to see the effects 
upon oxygen uptake during running. Using best-fit quadratic 
equations for the derived regression lines, he found that there 
were regions of minimums in which small changes in stride length 
resulted in small changes in oxygen uptake. It is doubtful that 
the changes seen in oxygen utilisation in this experiment could 
be explained completely by the changes in stride length seen in 
the casted state. Explanations for this change in oxygen use 
will be given in the chapter on energy.
SECTION 4-2.0 PHOTOMETRIC DATA
The vertical movement of the body's COM during running has 
been studied by Luhtanen (1980). He reports vertical changes of 
10.9 cm at a speed of 3.9 m/s, 8.6 cm at 6.4 m/s, 7 cm at 8 m/s,
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SUBJECT SPEED STRIDE STRIDE
M/S LENGTH LENGTH
UNCST. CASIED
METRES METRES
7 2.5 1.96 1.91
8 2.5 1.8 1.68
9 2.5 1.92 1.89
10 2.5 1.96 1.8
11 2.5 1.76 1.74
MEAN 1.88 1.8
SD 0.084 0.087
15 2.78 2.13 2.23
16 2.78 1.98 1.96
17 2.78 1.98 1.9
IB 2.78 1.94 1.93
19 2.78 1.96 1.9
- ■ • 20 2.78 2.2 2.15
21 2.78 2.01 1.98
22 2.78 2.25 2.22
23 2.78 2.01 1.96
24 2.78 2.05 2.01
25 2.78 1.95 1.91
26 2.78 2.06 1.97
27 2.78 1.87 1.87
28 2.78 1.99 1.92
32 2.78 1.97 1.89
MEAN • 2.02 1.99
SD 0.098 0.114
7 3.61 2.7 2.63
8 3.61 2.29 2.16
9 3.61 2.62 2.55
10 3.61 2.58 2.38
11 3.61 2.4 2.32
MEAN 2.52 2.41
SD 0.151 0.167
7 4.72 3.29 3.26
8 4.72 2.53 2.51
9 4.72 3.19 3.1
10 4.72 2.98 2.9
11 4.72 2.69 2.9
MEAN 2.94 2.93
SD 0.289 0.251
TABLE 9. Stride lengths of subjects.
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and 6.7 cm at 9.3 m/s. It is apparent that as running speed
increases, vertical movements of the COM decrease. This was in
agreement with Ito (1983), and Cavagna (1971). The speed used
during our collection of COM data was 2.78 m/s. The mean
vertical excursion of the COM was higher at this speed than
Luhtanen's data, since our selected speed was less than his.
Statistical analysis of COM movement in the uncasted and
casted states showed a significant difference (p< 0.001). Table 
10 shows the results of vertical movement of the COM. The mean 
vertical movement was 14 cm in the uncasted state, with a 
standard deviation of 2.2. The mean vertical movement in the 
casted state was 11.7 cm, with a standard deviation of 2.6. It 
is apparent that the cast reduced the movement of the COM in the 
vertical direction during running.
The data was only able to be collected from Subjects 16 - 
20, 22, 28, and 32, due to difficulties in getting subjects to
come back a second time. Each figure represent the mean of 6 
trials.
As was mentioned earlier, it was felt that this method was 
the one most susceptible to error. The potential measurement
error casts some doubt on the precision of the results, but 
because every casted trial resulted in less vertical excursion
than the uncasted trials, there is a significant difference here.
SECTION 4-3.0 ENERGY CHANGES
The changes seen in ground reaction forces and certain EMG 
patterns during running in the casted state, suggest that more 
energy may be required. Before discussing the energy utilization
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SUBJECT UNCASIED CASIED
16 15.7 10.8
17 11.6 9.2
18 13.6 12.4
19 11.1 9.6
20 16 14.3
22 18 17
28 13.4 10.6
32 12.4 9.7
MEAN 14 11.7
SD 2.24 2.55
TABLE 10. Vertical movement in centimetres of the centre of mass 
during running in the uncasted and casted states. ;'
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data, it is important to discuss what mechanisms could be 
responsible for possible energy changes.
Some of the non-elastic resistance is contained in the 
one-way valve within the Douglas bag system that was used to 
collect expired air. It is not known how much this equipment 
dependent airway resistance influenced the respiratory muscles. 
Fortunately, whatever resistance was present, would have been 
present during both the uncasted and casted trials. When
considering the changes seen in ground reaction forces, it is
tempting to consider that only the lower extremities are
responsible, since it is through the foot that the body reacts 
with the external environment. (For treadmill running indoors, 
air resistance can be ignored). The ground reaction forces
measured, Fx, Fy, and Fz, are merely components of a resultant 
force that describes the movement of the COM.
Hinrichs (1983) showed that the arms contributed about 5% to 
the vertical reaction force. Swinging the arms whilst standing 
on a force platform causes a decrease in the vertical reaction 
force. This is understandable because this motion contributes to 
body lift, and is used in running and in high jumping, to good 
effect. The contributions of the arms to the movement of the COM 
has been given as from 5% to 13% (Hinrichs 1983).
If a muscle is performing more work, this should show up as 
an increase in 02 consumption, and hence energy utilization. But 
two examples should be considered. If a subject runs on a
treadmill at a constant speed for 10 minutes, and later repeats 
the experiment with a 4 kg load on his trunk, the latter
experiment will result in an increase in 02 consumption, as
measured by the Douglas bag technique. If he then performs a
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series of finger flexion exercises with the index finger for 5 
minutes, and then repeats this with a load attached to the 
finger, there would be no detectable increase in the 02 
consumption. The size of the muscle is important when trying to 
assess its contribution to overall energy use. This leads us to 
ask whether the changes in energy use seen during casted running 
could be due solely to the respiratory muscles. Whether they are 
large enough, or metabolically active enough to account for most, 
or all of the energy change seen, must be considered.
The following review of respiratory muscle action is from 
DeTroyer (1986). It is convenient to divide the respiratory 
muscles into 4 functional groups:
1. The diaphragm. When it contracts from its resting 
position, it lowers intra-thoracic pressure, increases abdominal 
pressure, and displaced the rib cage. This helps inspiration. 
In order for the cast to interfere with diaphragmatic aided 
inspiration, it would have to prevent the small amount of 
abdominal expansion that occurs during inspiration. The cast is 
not tight enough to do this. Anchoring it onto the anterior 
superior iliac spines, bony protuberances of the pelvis, limits 
the amount of abdominal compression that can occur. It does not 
protrude into the abdomen. Subjectively, the casted runners felt 
no constriction in the abdominal area when breathing in.
2. The muscles of the rib cage. During inspiration, the 
ribs rotate around an axis formed by the articulations of the 
ribs with the transverse processes of the vertebrae, and the 
bodies of the vertebrae. Because of the angulation of the upper 
ribs, this rotation occurs mainly in a superior-inferior 
(vertical) direction. They expand sagitally. The motion of the
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lower ribs also depends upon their angulation. Because they are 
angulated more acutely than are the upper ribs, they expand 
sagitally and frontally. The muscles of the rib cage controlling 
respiration are the external and internal intercostal muscles. 
It is generally agreed that the external intercostal muscles are 
active during inspiration, and the internal intercostal muscles 
are active during expiration (Taylor 1960). It is reasonable to 
assume that the cast does not restrict the muscles responsible 
for expiration.
3. Accessory muscles. These include the scalenes and the 
sternocleidomastoid muscles. DeTroyer states that their 
mechanical action on the chest will is not well documented. He 
suggests that the scalenes act to raise the first two ribs during 
inspiration. DeTroyer suggests that their action may be in the 
anterior-posterior direction. It would be difficult to say 
whether the cast had any effect on these muscles. If it did, it 
would be indirect because the cast restricts chest expansion, 
which restricts upward movement of the rib cage, which would 
result in the accessory muscles coming to tension sooner.
4. The abdominal muscles. These are the most important 
muscles for expiration. Since the cast doesn't interfere with 
expiration, these muscles would be unaffected.
The cast limits the inspiratory muscles of the rib cage by 
mechanically limiting chest expansion towards the end range of 
motion. This limitation becomes more important as the level of 
activity, and hence breathing, increases. The abdominal muscles 
are important for inspiration. The cast may also indirectly 
limit the action of the accessory muscles. Their importance in 
inspiration is not will documented. The running activity done
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while collecting 02 in this experiment was steady state running. 
Subjects were not running at their maximum. No one reported 
being unable to complete the task, or finding the running task 
very difficult. The subjects would not have been inspiring near 
their mechanical limit.
In order to try and determine whether the respiratory 
muscles alone could be responsible for the increase in energy use 
seen in the casted subjects, an experiment was done in which 
Subjects 16 - 19, 28, 32, and 42 breathed at a rate of 30
respirations per minute, whilst standing still. This was 
maintained for two minutes, During the third minute, expired air 
was collected into a Douglas bag. The experiment was repeated 
after a ten minute rest period, in either the casted or uncasted 
state, depending upon which had been done first. Subjects were 
told to breathe in deeply, as if they were jogging. This had the 
effect of utilizing the respiratory muscles more than if the 
resting respiratory rate had been used. This gave a comparison 
of the metabolic cost of breathing, at a known rate of 
respiration, between the casted and uncasted states. It was used 
to determine if the actual act of breathing with the cast on 
caused a change in energy use by forcing the respiratory system 
to work harder against the resistance of the cast.
The rate of 30 respirations per minute was selected because 
it was easy to monitor with a stopwatch. It was also a very 
close approximation of the mean breathing frequency, 29.31 
respirations per minute, for all subjects, casted and uncasted, 
running at 2.78 m/s.
Comparisons of results did not reveal a statistically 
significant change in energy utilization between the casted and
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uncasted groups. Four of the subjects showed a greater energy 
use in the uncasted state, and the other three showed a greater 
energy use in the casted state. The inter-subject mean was 
actually higher in the uncasted state than in the casted state. 
Table 11 shows the results. In view of the results, and what has 
been found in the literature, it seems reasonable to state that 
the major part of the energy changes seen in our experiment 
cannot be explained as due to an increase in metabolic activity 
of the respiratory muscles, secondary to the cast mechanically 
restricting respiration.
If there are energy changes in an experiment that parallel 
changes in EMG activity of large muscles, and ground reaction 
forces, it is tempting to ascribe the changes solely to the 
variables measured. However, we were not able to measure limb 
kinematics, internal joint reaction forces, work done by 
eccentric contractions, elastic strain energy, or the EMG 
activity of all of the muscles that contribute to body movement 
during running. Therefore, results obtained for EMG and ground 
reaction forces, are offered as a partial explanation only, for 
the energy changes seen in this experiment.
Figure 13 shows the energy utilization data for Subjects 15 
- 28, and 32, in both the casted and uncasted states. There was 
a statistically significant difference (p <0.01) between the two 
states. The casted state resulted in a greater energy use.
SECTION 4-4.0 FORCE PLATFORM
Data was collected from 21 subjects. The data from Subject 
29 was not included for analysis, due to so many faulty trials. 
It was felt best to omit his data. Data from Subject 31 was not
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SUBJECT UNCASIED CASIED
16 0.598 0.371
17 0.691 0.56
IB 0.494 0.514
19 0.6774 0.433
28 0.4696 0.593
32 0.36 0.386
42 0.532 0.355
M E M  0.55 0.46
SD 0.11 0.09
TABLE 11. Energy expenditure in Kilojoules per minute during 
standing and breathing at a rate of 3 0 Hz per minute.
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9 0 -
8 0 -
7 0 -
4 0 -
3 0 -
20 -
15 15 17 18 19 20  21 22  23  24  25  26 2 7  28  32
SUBJECT
UNCASTED CASTED
FIGURE 13. Energy utilization.
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included in the statistical analysis because he was the only 
mid-foot striker in the entire group of 21 subjects. All of the 
rest were heel strikers.
Munro (1987) and Cavanagh (1980) both demonstrated varying 
reaction forces between mid-foot and rear-foot strikers. Since 
force platform data is collected during overground running, the 
velocity is harder to control than is the speed when subjects run 
on a treadmill. As mentioned in chapter 3, velocity was
monitored by photocells. A look at Table 12 shows the mean
velocities at which all force platform data was collected. 
Columns 2 and 3 represent the mean velocities of the subjects,
for the uncasted and casted states respectively. The means and
standard deviations are. at the bottoms of columns 2 and 3. 
Pooling all of the mean velocities for all force platform
subjects gave an uncasted mean velocity of 3.64 m/s, with a 
standard deviation of 0.04. The casted mean velocity was 3.63 
m/s, and the standard deviation was 0.05. A student t test
performed on the uncasted versus casted data showed that there 
was no statistically significant difference between the two. It 
can be concluded that the method employed results in a reasonable 
control of velocity, and allows for comparison of results between 
the uncasted and casted states.
The force platform graphs in Figures 1 4 - 1 6  are for subject
13. They represent the mean for 10 trials. Since events do not
occur in a synchronized manner between force platform trials, a 
point by point averaging procedure can mask some of the data. 
However, if averaging is done using a common point as a base for 
all trials to be averaged, then distortion is minimised. The 
common point used was the first Fz peak amplitude.
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SUBJECT UNCASTED CASTED
7 3.64 3.55
8 3.64 3.69
9 3.60 3.65
10 3.65 3.62
11 3.69 3.75
12 3.68 3.53
13 3.67 3.61
14 3.61 3.60
29 3.63 3.58
30 3.60 3.66
31 3.64 3.66
32 3.66 3.61
33 3.62 3.62
34 3.63 3.69
35 3.64 3.64
36 3.69 3.66
37 3.64 3.69
38 3.59 3.62
39 3.56 3.58
40 3.71 3.69
41 3.69 3.71
MEAN 3.64 3.64
SD 0.037 0.053
TABLE 12. Mean velocities in metres/second measured during-force 
platform trials.
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FIGURE 14. Fx ground reaction force standardized to body weight.
Subject 13.
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FIGURE 15. Fy ground reaction force standardized to body weight.
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FIGURE 16. Fz ground reaction force standardized to body weight.
Subject 13.
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All Y-axis values have been converted to units of body
weight to allow for inter-subject comparison. The graphs of 
impulses in Tables 13 - 16 have been normalised across subjects 
by dividing the subject's impulse by his body weight over the 
entire stance time (Munro, 1987) . This unit is termed body
weight impulse, or BWI.
There was no statistically significant difference for
calculated Fx impulses, between the casted and uncasted groups. 
However, fourteen of the nineteen subjects showed the Fx force to 
be greater in the uncasted state. This is a trend. There seems 
to be no correlation with weight or height. The magnitude of the 
Fx force is by far the smallest of the ground reaction forces. 
It is reasonable to assume that this force would be the most
sensitive of the ground reaction forces, to a particular 
experimental method. Perhaps if this experiment were able to be 
done by moulding individual casts for each subject, the trend 
seen for the Fx force in our experiment, would become a 
statistically significant result. Figure 14 is a typical
example of an Fx ground reaction force, with the uncasted and 
casted states superimposed. The negative values represent 
lateral forces, and the positive values represent medial forces. 
The Fx force is the smallest of the ground reaction forces, with 
peak amplitude approaching 0.2 body weight.
Table 13 shows the normalised casted and uncasted Fx 
impulses. The Fx impulse mean in the uncasted state is slightly 
greater than that obtained in the casted state. The mean value 
in the uncasted state was 0.15 BWI, with a standard deviation of 
0.07. The mean value in the casted state was 0.14 BWI, with a
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SUB UNCST CASTED
7 0.144 0.161
8 0.161 0.128
9 0.137 0.1
10 0.182 0.17
11 0.142 0.123
12 0.284 0.251
13 0.07 0.067
14 0.344 0.289
30 0.075 0.072
32 0.232 0.228
33 0.064 0.061
34 0.078 0.161
35 0.149 0.135
36 0.098 0.094
37 0.102 0.1
38 0.112 0.106
39 0.128 0.183
40 0.155 0.16
41 0.096 0.099
MEAN 0.15 0.14
SD 0.07 0.06
TABLE 13. Calculated Fx impulses standardized to body weight.
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SUB UNCST. CASTED
7 0.46 0.47
8 0.33 0.34
9 0.40 0.46
10 0.39 0.42
11 0.41 0.43
12 0.54 0.64
13 0.34 0.44
14 0.41 0.50
30 0.36 0.48
32 0.38 0.59
33 0.24 0.37
34 0.23 0.50
35 0.47 0.50
36 0.32 0.34
37 0.56 0.59
38 0.31 0.36
39 0.25 0.29
40 0.37 0.54
41 0.26 0.30
MEAN 0.38 0.45
SD 0.08 0.17
TABLE 14. Calculated Fyl impulses standardized to body weight.
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SUB UNCST. CASTED
7 0.12 0.10
8 0.16 0.17
9 0.15 0.10
10 0.17 0.12
11 0.17 0.15
12 0.23 0.14
13 0.20 0.16
14 0.13 0.12
30 0.41 0.41
32 0.39 0.26
33 0.15 0.13
34 0.11 0.17
35 0.16 0.15
36 0.16 0.14
37 0.23 0.21
38 0.14 0.11
39 0.20 0.17
40 0.14 0.14
41 0.20 0.18
MEAN 0.21 0.19
SD 0.11 0.10
TABLE 15. Calculated Fy2 impulses standardized to body weight.
7
8
9
10
11
12
13
14
30
32
33
34
35
36
37
38
39
40
41
ME.
SD
ta:
143
UNCST.
0.25
0.35
0.46
0.28
0.82
0.54
0.68
0.64
0.47
0.69
0.46
0.58
0.60
0.71
0.56
0.47
0.42
0.43
0.44
0.48
0.15
CASTED
0.26
0.39
0.54
0.31
0.70
0.64
0.77
0.77
0.51
0.81
0.68
0.76
0.80
0.80
0.60
0.48
0.54
0.48
0.48
0.57
0.21
Calculated Fzl impulses standardized to body weight.
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standard deviation of 0.06. As mentioned before, this was not 
significant statistically.
There were statistically significant differences (p< 0.01 
for Fyl deceleration; p< 0.05 for Fy2 acceleration) for 
calculated Fy impulses. Figure 15 shows a typical example of Fy 
ground reaction forces. As with the Fx graph, this represents 
the mean of 10 trials. The uncasted and casted states are 
superimposed. Deceleration values are negative in Figure 15, and 
occur from the time of initial foot contact until the body's COM 
goes past the longitudinal arch of the foot (Cavanagh 1980) . 
During this period, the rectus femoris and gastrocnemius muscles 
are contracting eccentrically, and are responsible for 
decelerating the body, the rectus femoris more so. The knee is 
flexing, and the ankle is dorsi-flexing during deceleration. 
Graphically, this period ends when the Fyl force crosses the X 
axis.
The casted state resulted in greater deceleration, or Fyl 
impulse. A comparison of the areas under the respective curves
and the x axis shows the greater activity in the casted state. 
Table 14 shows the results of the statistical analysis of Fyl 
impulses. The mean value for the Fyl impulses obtained in the 
uncasted state was 0.38 BWI, with a standard deviation of 0.08. 
The mean value in the casted state was 0.45 BWI, with a standard 
deviation of 0.17.
Acceleration values are positive, and occur from when the 
COM is past the longitudinal arch of the foot, until toe off. 
This period is characterized by a change from eccentric to 
concentric activity of the rectus femoris and gastrocnemius 
muscles. The knee is starting to extend, and the ankle is
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starting to plantar flex. The body is preparing for toe off, and 
it's COM is accelerating.
The casted state resulted in less acceleration impulse. 
This is apparent when looking at Figure 15. It can be seen that 
the area under the casted acceleration curve is less than the 
area under the uncasted curve. Table 15 shows the results of the 
statistical analysis of Fy2 impulses. The mean value in the 
uncasted state was 0.21 BWI, with a standard deviation of 0.11. 
The mean value in the casted state was 0.19 BWI, with a standard 
deviation of 0.1.
The impulse associated with the initial heel spike, which is 
represented by Fzl, showed a statistically significant difference 
(p< 0.03), between the uncasted and casted states. The casted 
trials resulted in higher Fzl impulses. Table 16 shows the 
figures for the uncasted versus casted trials. The mean value in 
the uncasted state was 0.48 BWI, with a standard deviation of 
0.15. The mean value in the casted state was 0.57 BWI, with a 
standard deviation of 0.21. Figure 16 shows a typical example of 
Fz reaction forces. The initial spike seen, Fzl, occurs as the 
foot first strikes the ground. It ends at the turning point of 
the minimum between the two maximum peaks. It ends as the body's 
COM starts to pass over the longitudinal arch of the foot 
(Cavanagh 1980). If this figure is compared with Figure 15, the 
Fy force graph, then it can be seen that the period of initial 
heel strike is contained entirely within the phase of 
anterior-posterior deceleration.
Referring to Figure 16 again, the Fz2 force starts at the 
minimum between the two maximum peaks. From this minimum to the 
maximum amplitude in the second peak, forefoot loading is
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occurring. A comparison with Figure 15, the Fy force graph, 
shows that the maximum peak of forefoot loading corresponds with 
the Fy force crossing the x axis. This marks the end of the 
deceleration phase, eccentric contraction of the rectus femoris 
and gastrocnemius muscles, and descent of the body's COM. The 
remainder of the Fz2 force is characterized by concentric 
activity of the muscles mentioned, and ascent of the COM.
A statistical analysis of the Fz2 impulse revealed no 
significant difference between the uncasted and casted states. 
About half of the time, the uncasted state had a greater impulse, 
and the other half it was less. However, in every single trial 
in all subjects except Subject 32, the peak amplitude of Fz2 was 
higher in the uncasted state. This signifies that at the instant 
when the COM is changing from deceleration to acceleration, the 
vertical reaction force Fz2, is greater. This signifies that 
more vertical force occurs at the foot - ground interface at this 
instant. This seems reasonable because in the subjects tested, 
the body's COM had more absolute vertical movement in the 
uncasted state. Unfortunately, only one of the subjects who 
volunteered to return and do the COM experiment, did the force 
platform experiment.
From the range of motion studies between the uncasted and 
casted states, it is known that spinal rotation was restricted in 
the casted state. Limitation of spinal mobility decreases pelvic 
counter-rotation. Pelvic counter-rotation with spinal rotation 
about the vertical axis is important because it minimises 
excursions of the body's centre of gravity away from the vertical 
z axis. It also minimises transfer of energy between the pelvis 
and trunk, resulting in a more economical movement. Failure to
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minimise energy transfer would result in an increase in radial 
acceleration between the pelvis and trunk with each step, causing 
the trunk to face in a more lateral direction at each foot
strike. More muscular effort would then be required to rotate 
the trunk in the opposite direction during the next step. This
would reduce the economy of movement. Economy of movement is
important in running, otherwise fatigue would occur more rapidly.
A decrease in spinal rotation would restrict relative 
external rotation of the hip. As the lead leg prepares for foot 
strike, it is in front of the body. The pelvis is rotating 
medially on the lead leg side, while the spine is
counter-rotating. This medial rotation of the pelvis results in 
a relative increase in external rotation of the femoro-acetabular 
joint, and places the lead leg in a more forward position. A 
decrease in pelvic rotation results in less forward displacement 
of the lead leg. It also results in a decreased stride length. 
Foot switch data and filmed data previously presented, 
demonstrated that there was a decreased stride length in the 
casted trials.
As stated above, there is a trend for the Fx force to be 
decreased in casted running. Foot strike probably occurs more 
towards the medial side of the heel in the casted state. This 
would result in less acceleration of the foot from a lateral to 
medial position at heel strike. Since Ax = Fx/m, a smaller 
force, or a larger mass would result in less acceleration. The 
mass of the subject is the same in the casted and uncasted 
states. However, there was a trend for Fx forces to be lower in 
the casted state. Thus, the acceleration component of Fx would 
be less in the trials where Fx was lower. Impulse represents
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the average force times the time over which the force occurs. 
The amplitude of the Fx forces were generally lower in the casted 
state, and the small time variation from onset to offset of Fx 
would not be sufficient to explain the difference between 
uncasted and casted Fx forces. A lower acceleration component of 
Fx, from lateral to medial, is the most reasonable explanation 
for the lower Fx forces. The Fx force is often cited as having 
the most variability amongst all of the ground reaction forces 
(Cavanagh 1982, Munro 1987, Williams 1985). It was not expected 
that the Fx patterns would be so similar in shape between the 
casted and uncasted states, intra-subject. This indicates that 
spinal restriction changes the degree of Fx, but not the basic 
shape intra-subject.
A discussion of the Fz forces must be done prior to 
discussing the Fy forces. Only by understanding the implications 
of Fzl will Fyl make sense.
The Fzl impulse associated with the initial heel spike was 
greater with spinal motion restricted. Prior to filming subjects 
running on a treadmill with a Panasonic video recorder, it was 
thought that the increase in Fzl was due to an increase in the 
rise and fall of the body's COM. The maximum height reached by 
the COM results in a form of potential energy, and is calculated 
by PE = mgy, where m = mass of the subject, g = 9.81 m/s/s, and y 
= the maximum height obtained by the subject's COM. The only one 
of these factors that can be altered by the subject during 
running is y. The height of the COM depends upon the magnitude 
and direction of the resultant acceleration vector from the 
previous toe off. This depends upon the leg extensor complex 
(hamstrings + erector spinae, which can lengthen the effective
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lever arm of the leg during extension, Slocum 1962), and the 
gastrocnemius at the previous toe-off. EMG results showed no 
statistically significant difference between the casted and 
uncasted groups with respect to the gastrocnemius and hamstring 
muscles. The erector spinae was more active in the casted group. 
This indicates that the erector spinae is the only possible 
muscle of the ones monitored, that could account for an increase 
in the vertical component of acceleration at the previous 
toe-off. It could theoretically do this by initiating leg 
acceleration into extension just after heel strike. Concentric 
muscle activity following pre loading at heel strike, plus the 
return of potential energy in the form of stored elastic strain 
energy, would contribute to leg extension. With the EMG activity 
of the erector spinae higher in the casted state, this seemed a 
reasonable explanation. Consequently, by elevating the COM 
higher than in the uncasted state, a higher initial vertical 
reaction force would occur in the casted group at the following 
heel strike. In order to maximize the next stride length, more 
vertical height would be required at toe off in the casted group.
However, there was a problem with this theory. Video 
recordings of subjects running on a treadmill at a later date, 
showed that the COM was not raised higher in the casted subjects. 
In fact, it was elevated less in the casted subjects. This was 
revealed in all 8 subjects filmed. (This filming only occurred 
in the last group of subjects because initially it was not 
possible to film the foot strike data simultaneously with COM 
data. The camera angle didn't allow for it. To repeat two 
filming sessions would have affected subject compliance). The 
Fzl force, along with other ground reaction forces, depends upon
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magnitude and direction of the leg at heel strike. The magnitude 
would certainly be influenced by the height of the COM. But in 
our experiment, the increase in Fzl was most likely due to the 
angle of the foot at heel strike. It would likely assume a more 
vertical position, which could certainly increase the vertical 
reaction forces. In view of the fact that stride length was 
shortened in the casted state, this is reasonable circumstantial 
evidence. The resolution of our single plane video recorder 
would not be sufficient to detect small angular changes of the 
foot at heel strike.
The magnitude of Fzl can definitely be influenced by the 
shortened stride length found in our results, and the subsequent 
angle of the leg at heel strike. Another possibility that had to 
be considered was that a higher initial vertical reaction force 
could occur if the subject forcefully contracted his hamstring 
muscle at the moment prior to heel strike. Of course, this would 
show up as an increased EMG amplitude, and as mentioned earlier, 
this did not occur. It is also possible that contraction of the 
gluteus maximus prior to heel strike, could accelerate the leg, 
and result in a greater Fzl force. This muscle should be 
monitored in a follow up experiment, if equipment allows for it, 
in order to determine its contribution to the increase in Fzl.
The amplitude of Fz2 occurring during the propulsive phase 
was less in the casted group. This is the phase occurring from 
the time the COM of the body passes over the mid-foot, until toe 
off. It coincides with concentric muscle activity and pushing 
off of the force platform with the foot. This is the period when 
elevated EMG activity of the gastrocnemius and hamstrings could 
also increase Fz propulsion. There was no statistically
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significant difference between the casted and uncasted groups 
for either of these muscles.
The fact that the EMG activity of the erector spinae is 
higher in the casted group does not necessarily mean that the 
propulsive force Fz2 must be higher. Extension is limited, and a 
contraction can be greater in amplitude even though it acts over 
a limited, or no range of motion. An isometric contraction would 
be an example. This would result in less work being done, but 
more EMG amplitude.
The Fyl deceleration impulse showed a statistically 
significant difference, being greater in the casted state (p< 
0.01). Braking, or deceleration, is accomplished by eccentric 
activity of muscles during running. It is accomplished 
primarily by the quadriceps, with help from the gastrocnemius. By 
lengthening while under tension, they help to decelerate the body 
as the heel strikes the ground. This deceleration occurs until 
the COM passes over the longitudinal arch of the foot, and then 
the quadriceps and gastrocnemius muscles start to shorten as they 
work to prepare for toe off. EMG results showed that the rectus 
femoris was more active when spinal motion was restricted, while 
the gastrocnemius EMG showed no statistically significant 
difference. This would be in agreement with Winter (1983), who 
collected photometric and EMG data on 11 joggers. His data 
showed that the knee muscles were the primary absorbers of energy 
during running, absorbing 3.6 times as much energy as they 
generated. He also showed that the ankle muscles generated 2.9 
times as much as they absorbed.
In light of what was discussed above regarding the angle of 
the foot at heel strike probably assuming a more vertical
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orientation, it seems contradictory that Fyl could be higher. 
However, as discussed later in the section on EMG, the trunk 
probably assumes more of a forward lean at heel strike during the 
casted state. This would require more deceleration.
The acceleration Fy2 impulse was decreased in the casted 
state, as was the maximum amplitude associated with acceleration. 
Since spinal extension is limited, and decreased spinal extension 
can decrease the effective lever arm of the leg during toe off, 
the angle of the foot at take off is likely to be closer to 
vertical in the casted state. This could result in less 
acceleration impulse in the y (horizontal) direction.
During normal running, the maximum vertical reaction force 
amplitude occurs with forefoot loading, not with the initial heel 
spike. This period of forefoot loading is when the eccentric 
muscular forces exerted on the patella are at their maximum. The 
forces across the ankle are also at their maximum at this time 
(Winter 1983). Winter (1983) and Dickenson (1985) both believe 
that common running injuries occur as a result of this loading, 
rather than the initial impact at heel strike. This idea may 
require re-examining if spinal restriction is considered.
The initial impact, Fzl, is considered to be passive (Nigg 
1983) . Its duration is short, and the muscles do not have time 
to contract since the speed of propagation of Fzl is greater than 
afferent nerve conduction. Light (1977, 1980) suggested that
heel strike transients associated with accelerations, could 
exacerbate pre-existing musculoskeletal disease. Bone is being 
pulled rapidly through soft tissue, such as muscle. The 
different tissues are undergoing different accelerations. The 
resultant shear gradients could tear osseous tissue junctions,
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and stimulate pain receptors. He demonstrated that soft heels 
could reduce these transients by 50%. Radin (1980), was able to 
induce arthritic changes in the legs of sheep by having them walk 
on concrete floors. The transients associated with walking on a 
hard surface were given as the cause. Simon (1973), and Serink 
(1977), showed that there is a relation between lower limb joint 
degeneration and excessive heel strike transients.
This is not positive proof that transient heel strike 
accelerations are a cause of musculoskeletal disease. However, 
the evidence shown in this experiment indicates that Fzl is 
greater when spinal motion is restricted. It is possible that 
the increase in Fzl may be present in runners who have decreased 
spinal mobility, for whatever reason. The idea that increases in 
Fzl could contribute to overuse injuries, at least in runners who 
lack normal spinal mobility, should not be dismissed. The 
erector spinae and rectus femoris muscles have higher levels of 
activity when spinal motion is restricted. The runners are 
taking shorter strides, and they require more energy to run when 
their spinal motion is restricted.
All of these effects, could be leading to early fatigue, and 
thus overuse injuries. Dickenson (1985) showed that magnitude of 
heel strike increased in fatigued runners from 186% of body 
weight to 203% body weight. Fatigue renders an athlete, or 
anyone, more susceptible to injury. Although some of the changes 
demonstrated seem small, they occurred in a short period of time. 
If these changes are multiplied over a longer period of time, 
such as a normal jogging session, then they are repeated many 
thousands of times. The runner who lacks normal spinal mobility 
may be more prone to an overuse injury.
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SECTION 4-5.0 ELECTROMYOGRAPHY
The initial EMG signal, Figure 17 is from Subject 2. It 
represents activity of the right rectus femoris muscle, at 1.94 
m/s. Superimposed upon it is the foot switch signal. If we 
count 1 stride cycle from heel strike to the next heel strike, it 
can be seen that there are 5 complete stride cycles in this 
trial. The length of each stride cycle varies. Lengths of each 
stride cycle, and the component parts, stance length and swing 
length, are listed in Table 17.
The same procedure is done for the left rectus femoris 
muscle. It is shown in Figure 18 and Table 18. These signals 
were collected during the same trial.
Visually, it can be difficult to compare the two graphs, 
since there are 5 bursts of EMG activity in each graph. An 
averaging procedure reduces the information to 1 stride cycle. 
This allows for better understanding of how right and left 
differ. Figure 19 represents the averaged EMG activity of the 5 
stride cycles in Figure 17. Figure 20 represents the average EMG 
activity of the 5 stride cycles in Figure 18. A visual 
comparison shows very little difference in activity. Stance and 
swing times were practically equal, as were times of onset and 
offset of activity.
Averaged right and left EMG activities for the reptus 
femorii, biceps femorii, erector spinae, and gastrocnemii, at 
1.94, 2.78, 4.17, and 5.56 m/s speeds, are given in Figures 21
-52. Each of these composite graphs represent one stride. They 
are averages of at least 8 strides, and provide a descriptive 
record of normal muscular activity during running. These typical 
examples are from Subject 6.
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FIGURE 17. Emg of right rectus femoris, with the foot switch data 
superimposed. This is for Subject 2, at 1.94 m/s.
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MEAN
SD
TOTAL SWING STANCE
CYCLE TIME TIME
TIME
MS
MS MS
710 417 293
730 435 . 295
724 426 298
718 423 295
710 415 295
718.4 423.2 295.2
7.83 7.11 1.6
TABLE 17. Stride cycle, swing, and stance times for Subject 1 
running at 1.94 m/s. This is for the right foot.
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FIGURE 18. Emg of left rectus femoris, with the foot switch data
superimposed. This is for Subject 2, at 1.94 m/s.
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TOTAL SWING STANCE
CYCLE TIME TIME
TIME MS MS
MS
735 435 300
721 427 294
693 426 267
750 445 305
721 412 309
MEAN 724 429 295
SD 18.8 10.9 14
TABLE 18. Stride cycle, swing, and stance times for Subject 1 
running at 1.94 m/s. This is for the left foot.
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FIGURE 19. Averaged right emg and foot switch signals of Figure
17. This is for Subject 2, at 1.94 m/s.
AM
PL
IT
UD
E 
(t
ti
V;
160
400
3 8 0 -
3 6 0 -
3 4 0 -
3 2 0 -
3 0 0 -
2 8 0 -
2 6 0 -
2 4 0 -
220 -
200
0 0.1 0.2 0.3 0 .4  0.5 0.6 0.7 0.8 0.9
TIME (S)
FIGURE 20. Averaged left emg and foot switch signals of Figure 18.
This is for Subject 2, at 1.94 m/s.
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Figures 21 - 24 are for the right rectus femoris, and
Figures 37 - 40 are for the left rectus femoris muscles. The
vertical line within the graph represents the time of heel 
strike, and the vertical line at the end of the graph represents 
time of toe off. The portion of the graph between these two
lines is the period of stance. The part of the graph from the y
axis to the heel strike line is the period of swing. Comparing 
Figures 2 1 - 2 4 ,  it can be seen that the period of stance phase 
decreases as velocity increases. It can also be seen that 
activity of the rectus femoris commences prior to heel strike, 
and ends during stance phase, at all velocities.
The rectus femoris is a muscle that crosses two joints, the 
hip and knee. It flexes the hip, and extends the knee. This 
muscle is characterized by one major burst of activity, 
commencing just before heel strike, and ending during the first 
part of the stance phase. The maximum amplitude occurs after
heel strike. Since the muscle is stretching at this time, it is
undergoing an eccentric contraction. This eccentric contraction 
results in storage of elastic strain energy, which is returned 
prior to toe off (Alexander 1977, 1984). Occasionally there is a 
burst of activity during early swing phase. This correlates with 
hip flexion. This EMG activity becomes more apparent at higher 
velocities.
However, there are other muscles that are involved with hip 
flexion, most notably the iliopsoas complex. This is why EMG 
activity is often minimal for the rectus femoris during early 
swing phase. It is also possible that the acceleration of the 
pelvis on the side of toe off could transfer sufficient energy to 
cause flexion of the thigh. This would minimise the necessity of
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FIGURE 21. Emg of right rectus femoris running at 1.94 m/s.
Subject 6.
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FIGURE 22.
Subject 6.
Emg of right rectus femoris running at 2.78 m/s.
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FIGURE 23. Emg of right rectus femoris running at 4.17 m/s.
Subject 6.
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FIGURE 24. Emg of right rectus femoris running at 5.56 m/s.
Subject 6.
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FIGURE 37.
Subject 6.
Emg of left rectus femoris running at 1.94 m/s.
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FIGURE 38.
Subject 6.
Emg of left rectus femoris running at 2.78 m/s.
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FIGURE 39. Emg of left rectus femoris running at 4.17 m/s.
Subj ect 6.
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FIGURE 40. Emg of left rectus femoris running at 5.56 m/s.
Subject 6.
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rectus femoris activity at this time. Williams (1983) and
Chapman (1983) both predicted that energy transfer could occur. 
Williams (1985) stated that the slowing down of the lead leg in 
preparation for toe off transfers energy to the trail leg through 
joints and soft tissue. This helps to move the trail leg into 
flexion.
The activity seen in the rectus femoris in our subjects is 
in good agreement with what is reported in the literature (Schwab 
1983, Elliot, 1979, Mann, 1980, Nilsson 1985). Schwab reports 
that the rectus femoris consistently showed two periods of 
activity, one commencing prior to heel strike, and one occurring 
during mid swing. It is not clear whether he meant in every 
case, or usually. In our subjects, this has not been seen in 
every subject, at every speed. Nilsson reported that the 
contraction during swing phase occurred generally.
Comparison of right versus left in Subject 6 shows that
there is a difference in amplitude. For this subject, the 
amplitudes of all left sided muscles were greater. There can be 
some differences in degree of muscle activity between right and 
left, but not differences in neuromuscular coordination patterns 
if a coordinated activity such as running is to occur.
Figures 25 - 28 are for the right biceps femoris at the 4
speeds, and Figures 41 - 44 are for the left biceps femoris. The 
semitendinpsus and semimembranosus portions of the biceps femoris 
can act as hip extensors and knee flexors. This is the opposite 
of the rectus femoris. Comparing the two figures, it can be seen 
that the patterns of activity are very similar. This muscle is 
biphasic. It contracts during the latter part of the /swing 
phase, ceasing activity just before heel strike. It also
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FIGURE 25. Emg of right biceps femoris running at 1.94 m/s.
Subject 6.
AM
PL
IT
UD
E 
(m
V)
172
400
3 8 0 -
3 6 0 -
3 0 0 -
2 8 0 -
2 6 0 -
2 4 0 -
220 -
200
0.4 0.7 0.80.1 0.2 0.3 0.5 0.60
TIME (S)
FIGURE 26.
Subject 6.
Emg of right biceps femoris running at 2.78 m/s.
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FIGURE 27. Emg of right biceps femoris running at 4.17 m/s.
Subject 6.
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FIGURE 28.
Subject 6.
Emg of right biceps femoris running at 5.56 m/s.
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FIGURE 41. Emg of left biceps femoris running at 1.94 m/s.
Subject 6.
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FIGURE 42. Emg of left biceps femoris running at 2.78 m/s.
Subject 6.
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FIGURE 43. Emg of left biceps femoris running at 4.17 m/s.
Subject 6.
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FIGURE 44. Emg of left biceps femoris running at 5.56 m/s.
Subject 6.
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contracts during the latter part of the stance phase. The 
initial contraction during swing phase is necessary to help 
decelerate the leg prior to heel strike. If there were no 
deceleration of the leg, then the foot would strike the ground 
far in front of the body. This would result in a high degree of 
deceleration of the body's COM, and would require more
acceleration on the subsequent toe off. More energy would be 
needed to run. Due to the eccentric contraction of the biceps 
femoris prior to heel strike, the lower leg is actually moving 
slightly backwards just prior to heel strike. This means that 
deceleration of the body's COM is kept lower, and the
acceleration required for the next toe off is less. The second 
contraction during stance phase helps leg extension. This is in 
preparation for toe-off.
Occasionally, other bursts of activity were seen. As with 
the rectus femoris, they became more common as speed increased. 
Results obtained for the biceps femoris in this experiment are.in 
good agreement with results reported elsewhere (Schwab 1983, 
Elliot 1979, Mann 1980, Nilsson 1985).
Figures 29 - 32 are for the right erector spinae, and
Figures 45 - 48 are for the left erector spinae. The erector
spinae extends and rotates the spine when acting unilaterally. 
It extends the spine when acting bilaterally during a /concentric 
contraction. It limits forward flexion of the trunk when 
contracting bilaterally in an eccentric manner. This muscle is 
characterized by two major bursts of activity. They occur just 
prior to contra-lateral heel strike, and prior to ipsi-lateral 
heel strike. Thus there is a bilateral co-contraction of this 
muscle (Thorstensson 1982, Battye 1966, Waters 1970). As with
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FIGURE 29.
Subject 6.
Emg of right erector spinae running at 1.94 m/s.
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FIGURE 30. Emg of right erector spinae running at 2.78 m/s.
Subject 6.
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FIGURE 31. Emg of right erector spinae running at 4.17 m/s.
Subject 6.
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FIGURE 32. Emg of right erector spinae
Subject 6.
running at 5.56 m/s.
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FIGURE 45. Emg of left erector spinae running at 1.94 m/s.
Subject 6.
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FIGURE 46. Emg of left erector spinae running at 2.78 m/s.
Subject 6.
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FIGURE 47.
Subject 6.
Emg of left erector spinae running at 4.17 m/s.
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FIGURE 48. Emg of left erector spinae running at 5.56 m/s.
Subject 6.
188
the rectus femoris and biceps femoris muscles, additional bursts 
of activity were often seen.
Thorstensson (1982) reported that the activity of the 
erector spinae occurred with forward angular displacement of the 
trunk during running. He states that the purpose of this 
bilateral co-contraction is to limit forward movement of the 
trunk, and contra-lateral lateral flexion at heel strike. Thus, 
the erector spinae would be acting eccentrically. A look at the 
graphs for the right and left erector spinae at the different 
speeds, shows very similar patterns for the two major bursts of 
activity. When additional periods of activity occur, they are 
irregular. The graphs also show that EMG activity of the erector 
spinae ceases during the first part of the stance phase. The 
middle part of the stance phase is when the support leg starts 
to help accelerate the body. The latter part of the stance phase 
is when the leg is undergoing a net extensor moment as it 
prepares for toe off. It is at this time that any mechanism 
involved in helping extension would be expected to be activated. 
Since spinal extension can help increase the lever arm of the 
support leg undergoing extension, and aid in accelerating the 
body at toe off, it might be expected that the erector spinae 
muscle would be active during this period. It is not.
There is another mechanism whereby the erector spinae could 
help the supporting leg during acceleration. As mentioned 
earlier, the erector spinae contracts eccentrically to limit 
forward flexion of the trunk at heel strike. This stretching of 
muscle and tendon results in potential energy being stored in the 
stretched muscle and tendon (Alexander 1977, 1984, Cavagna 197 6, 
Cavanagh 1985). Pre-stretching of a muscle (eccentric
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contraction in this case), results in a more forceful contraction 
(concentric contraction into extension in this case). This 
contraction and the associated return of stored elastic strain 
energy, combined with the activity of the leg extensors, 
including the biceps femoris, may help to overcome the inertia of 
the leg as extension is just starting. An important mechanism at 
this stage is the range of extension of the spine. Any 
limitation of the extension of the spine would mechanically block 
the spine from extending the lever arm of the leg during 
extension. This would occur regardless of the force of a muscle 
contraction, or of the amount of strain energy returned during 
leg extension. Spinal extension was certainly limited in the 
casted subjects.
Figures 33 - 3 6 are for the right gastrocnemius, and Figures 
49 - 52 are for the left gastrocnemius. The gastrocnemius along 
with the soleus and plantaris, is part of the triceps surae 
complex. The gastrocnemius is a two joint muscle, crossing both 
the knee and ankle joints. It can flex the knee, and plantar 
flex the ankle. It is the most superficial of the triceps surae 
muscles. It is characterised by a single burst of activity, 
commencing at or just after heel strike, and ending during the 
stance phase. Looking at the graphs of the gastrocnemius shows 
that the activity between right and left is very similar.
The activity seen in our experiment is in agreement with 
what is reported in the literature (Elliot 1979, Mann 1980, 
Nilsson 1985). Schwab (1983) also reported gastrocnemius 
activity commencing prior to heel strike. He reported that there 
was activity during mid swing consistently, and that 
quantification of this activity was beyond the scope of the
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FIGURE 33. Emg of right gastrocnemius running at 1.94 m/s.
Subj ect 6.
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FIGURE 34. Emg of right gastrocnemius running at 2.78 m/s.
Subject 6.
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FIGURE 35. Emg of right gastrocnemius running at 4.17 m/s.
Subject 6.
AM
PL
IT
UD
E 
(m
W
193
4 00
3 8 0 -
3 6 0 -
3 4 0 -
3 2 0 -
3 0 0 -
2 8 0 -
2 6 0 -
2 4 0 -
220 -
200
0.10 0.2 0.3 0.4 0.5 0.6 0.7 0.8
TIME (S)
FIGURE 36. Emg of right gastrocnemius running at 5.56 m/s.
Subject 6.
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FIGURE 49. Emg of left gastrocnemius running at 1.94 m/s.
Subject 6.
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FIGURE 50. Emg of left gastrocnemius running at 2.78 m/s.
Subject 6.
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FIGURE 51. Emg of left gastrocnemius running at 4.17 m/s.
Subject 6.
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FIGURE 52. Emg of left gastrocnemius running at 5.56 m/s.
Subject 6.
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investigation. However, this second period of activity would not 
be in agreement with other work, nor with the results obtained in 
our experiment.
Figures 53 -55 are bar graphs that show EMG activity of the 
erector spinae (ES), rectus femoris (RF), biceps femoris (BF) , 
and gastrocnemius (GA) at 2.5, 3.61, and 4.72 m/s. They were
separated according to speed. These trials were for Subjects I'­
ll. and were done under two conditions; normal spinal motion 
without the cast; restricted spinal motion with the cast. Trials 
lasted approximately 10 seconds, so the aerobic steady state 
running stage was not reached. Due to data collection problems 
only two examples of gastrocnemius activity were available. This 
data was collected at Surrey University. All data was for the 
muscles on the right side of the body only.
Table 19 shows the numerical values of EMG muscle activity
for the data in Figures 53 - 55. When all of the trials for the 
erector spinae are considered, there is more EMG activity in the 
casted state in 14 out of 15 trials. The lone exception occurred 
in Subject 10, at 2.5 m/s. This could be an outlying value, or 
it could mean that no difference is present between the uncasted 
and casted states at this speed. More subjects would have 
allowed for a statistical analysis.
Table 19 also shows that in 15 out of 15 trials, EMG 
activity of the rectus femoris was increased in the casted 
trials.
Table 19 shows that there was no statistically significant
difference in the EMG activity between the uncasted and casted
trials for the biceps femoris. Two of the 5 subjects showed 
greater biceps femoris activity in the uncasted state, and the
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FIGURE 53. Erector spinae, rectus femoris, biceps femoris, and gastrocnemius emg activity
running at 2.5 m/s.
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FIGURE 54. Erector spinae, rectus femoris, biceps femoris, and gastrocnemius emg activity
running at 3.61 m/s.
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FIGURE 55. Erector spinae, rectus femoris, biceps femoris, and gastrocnemius emg activity
running at 4.72 m/s.
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] SPEED
M/S
MUSC. AREA
UNC.
(Vxl)
AREA
CAST
m
SUB SREEU
M/S
MUSC, AREA
UNC
(v*0
AREA
CAST
(Vxl)
7 2.5 ES 0.79 0.80 7 2.5 RF 0.44 0.45
8 2.5 ES 0.67 0.71 8 2.5 RF 0.59 0.61
9 2.5 ES 1.12 1.50 9 2.5 RF 0.58 0.62
10 2.5 ES 0.76 0.69 10 2.5 RF 0.42 0.48
11 2.5 ES 1.31 1.67 11 2.5 RF 0.70 0.86
7 3.61 ES 0.74 0.92 7 3.61 RF 0.52 0.53
8 3.61 ES 0.78 0.85 8 3.61 RF 0.67 0.70
9 3.61 ES 1.34 1.57 9 3.61 RF 0.58 0.62
10 3.61 ES 0.85 0.89 10 3.61 RF 0.50 0.56
11 3.61 ES 1.33 1.44 11 3.61 RF 0.80 0.89
7 4.72 ES 1.06 1.13 7 4.72 RF 0.49 0.52
8 4.72 ES 0.92 1.16 8 4.72 RF 0.76 0.79
9 4.72 ES 1.39 1.60 9 4.72 RF 0.74 0.78
10 4.72 ES 1.01 1.10 10 4.72 RF 0.80 0.82
11 4.72 ES 2.38 2.86 11 4.72 RF 1.34 1.73
7 2.5 BF 0.30 0.26 9 2.5 GA 0.37 0.38
8 2.5 BF 0.76 0.64 11 2.5 GA 0.59 0.66
9 2.5 BF 0.33 0.41 9 3.61 GA 0.41 0.43
10 2.5 BF 0.48 0.51 11 3.61 GA 0.78 1.34
11 2.5 BF 1.18 1.42 9 4.72 GA 0.36 0.46
7 3.61 BF 0.52 0.47 11 4.72 GA 1.19 1.38
8 3.61 BF 0.84 0.78
9 3.61 BF 0.48 0.50
10 3.61 BF 0.55 0.57
11 3.61 BF 1.65 2.01
7 4.72 BF 0.52 0.47
8 4.72 BF 1.09 1.11
9 4.72 BF 0.62 0.72
10 4.72 BF 0.75 0.80
11 4.72 BF 1.87 2.22
TABLE 19. Summation of emg activity for first group of Surrey 
subjects. Trials were done at three speeds.
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other three showed greater activity in the casted state. The EMG 
activity remained constant in each subject regardless of speed. 
If a subject's biceps femoris demonstrated less activity in the 
uncasted state at 2.5 m/s, then there was less activity at the 
other two speeds also. Thus, speed seems to have little effect 
on the activity of the biceps femoris.
Table 19 also shows the results for the gastrocnemius. Data 
was collected from only two subjects. One of the subjects showed 
greater EMG activity in the uncasted state, and the other showed 
greater activity in the casted state. Speed changes had no 
apparent effect on this pattern intra - subject. It is not 
possible to make any other statements regarding the effects of 
casting on this muscle based upon the data collected from the 
first Surrey group. Gastrocnemius data was collected on the 
subjects in the second Surrey group.
Figures 5 6 - 5 7  show EMG activity for the erector spinae in
the uncasted and casted states for subject 24. This trial was
done at 2.78 m/s. The foot switch data is superimposed upon the 
EMG signal. The result is a shortened stride time on the EMG 
signal. Step frequency increases in order to compensate for the 
shorter stride time.
Typical uncasted and casted EMG signals for the rectus 
femoris are given in Figures 58 - 59. This data is for Subject 
24. This trial was also done at 2.5 m/s. The foot switch data 
is superimposed upon the EMG signals. Again, the result in the 
casted state is a shortened stride time. Step frequency
increases in order to compensate for the shorter stride time.
Figures 60 - 61 are bar graphs that show EMG activity for 
the erector spinae and rectus femoris muscles, respectively.
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FIGURE 56. Emg of right erector spinae running at 2.78 m/s.
Subject 24. Uncasted
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FIGURE 57. Emg of right erector spinae running at 2.78 m/s casted.
Subject 24.
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FIGURE 58. Emg of right rectus femoris running at 2.78 m/s
uncasted. Subject 24.
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FIGURE 59. Emg of right rectus femoris running at 2.78 m/s casted.
Subject 24.
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FIGURE 60. Erector spinae emg activity running at 2.78 m/s.
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FIGURE 61. Rectus femoris emg activity running at 2.78 m/s.
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They are for Subjects 15 - 28, and 32. Table 20 shows the
numerical data for these graphs. It also includes numerical data 
for the biceps femoris and gastrocnemius muscles.
Examination of the data for the erector spinae in Table 20 
shows that it was the muscle that demonstrated the greatest 
amount of change between uncasted and casted trials. There was a 
statistically significant difference (p <0.01) between the 
uncasted and casted trials, with the casted trials resulting in 
greater erector spinae activity. As stated earlier in this 
chapter, the erector spinae functions to limit the forward 
movement of the trunk during stance phase. This is an eccentric 
contraction. An increase in this activity could result from an 
increase in the flexion angle of the trunk at heel strike. 
Since the upper body would be in a more forward position, the 
moment created in the lower back would be greater. This would 
require more EMG activity of the erector spinae to balance this 
increased moment. If the trunk were carried in a more flexed 
position during a large part of the stride cycle, we would expect 
to see a significant increase in the duration of the EMG 
activity, since the increased moment would have to be balanced 
all the time that it existed. This was not seen in the EMG data.
It is possible that, just prior to heel strike, the runners 
assumed a more forward flexed position. This would also result 
in an increased moment in the low back, and result in an increase 
in EMG activity of the erector spinae. If such a movement were 
large, it would be visible when watching the runners. Nothing 
was seen. A small movement could have gone unnoticed to the 
human eye.
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SUB MUSC AREA AREA SUB MUSC AREA AREA
UNC. CAST UNC CAST
15 ES 3.19 2.76 15 BF 0.77 0.76
16 ES 2.67 3.19 16 BF 1.41 1.38
17 ES 2.77 4.46 17 BF 2.05 2.26
. IB ES 3.55 3.92 18 BF 1.32 1.33
19 ES / 4.91 5.31 19 BF 2.22 2.20
20 ES 1.36 1.44 20 BF 0.87 0.76
21 ES 1.36 3.03 21 BF 0.96 0.90
22 ES 2.43 4.61 22 BF 0.88 0.99
23 ES 3.48 3.85 23 BF 1.07 0.97
24 ES 1.42 1.69 24 BF 0.65 0.60
25 ES 1.52 2.79 25 BF 0.83 0.80
26 ES 1.72 2.12 26 BF 1.08 1.09
27 ES 2.01 2.26 27 BF 1.66 1.55
28 ES 1.48 3.20 28 BF
32 ES 1.10 1.37 32 BF 1.27 1.37
MEAN 2.33 3.07 1.14 1.13
SB 1.05 1.15 0.54 0.57
15 RF 1.91 1.60 15 GA 0.81 0.76
16 RF 1.16 1.31 ; 16 GA 1.11 1.43
17 RF 1.83 1.91 17 GA 1.40 1.33
18 RF 1.48 1.50 18 GA 1.41 1.23
19 RF 1.85 1.90 19 GA 1.54 1.B7
20 RF 0.56 0.76 20 GA 0.97 0.94
21 RF 0.82 0.91 21 GA 1.00 0.89
22 RF 0.55 0.61 22 GA 1.18 1.48
23 RF 0.58 0.61 23 GA 0.89 0.84
24 RF 0.57 0.63 24 GA 0.64 0.63
25 RF 0.51 0.52 25 GA 0.53 0.63
26 RF 0.59 0.63 26 GA 1.36 1.09
27 RF 0.92 0.90 27 GA 0.85 1.28
28 RF 0.76 0.79 28 GA
32 RF 0.77 0.81 32 GA 0.69 0.76
MEAN 0.99 1.03 0.96 1.01
SD 0.5 0.47 0.39 0.44
TABLE 20. Summation of emg activity for second group of Surrey 
subjects. All trials were done at 2.78 m/s.
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The increase in activity in the erector spinae during the 
casted trials could also result from an increase in the height 
from which the body's COM was descending, as was explained 
earlier. However, this was rejected based upon filming of later 
subjects. As stated earlier, the films showed that the COM was 
elevated less in the casted state.
The angle of the foot at heel strike could also influence
the initial vertical reaction force. This Fzl force would depend 
upon the position of the leg at heel strike. This was not able 
to be monitored.
An argument brought up earlier in Chapter 3, was that a 
sudden burst of hip extensor activity prior to heel strike, would 
result in a greater Fzl ground reaction force. It was 
demonstrated that the biceps femoris showed no increase in 
activity. It may be possible that the activity of the gluteus 
maximus during casted running could also influence the magnitude 
of the Fzl force by accelerating the leg into extension prior to 
heel strike. Further studies should monitor this muscle during 
running with decreased spinal mobility.
Table 20 also shows the EMG activity of the rectus femoris. 
There was a statistically significant difference (p <0.015) 
between the uncasted and casted states. The casted state 
resulted in more activity.
Figures 62 - 63 are typical examples of the uncasted and
casted erector spinae, respectively. They are from Subject 11,
and were collected during running at 2.5 m/s.
Figures 64 - 65 are typical examples of the uncasted and
casted rectus femoris, respectively. These examples are from 
Subject 8. They were also collected at 2.5 m/s.
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FIGURE 62. Emg of right erector spinae running at 2.50 m/s
uncasted. Subject 11.
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FIGURE 63. Emg of right erector spinae running at 2.50 m/s casted.
Subject 11.
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FIGURE 64. Emg of right rectus femoris running at 2.50 m/s
uncasted. Subject 8.
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FIGURE 65. Emg of right rectus femoris running at 2.50 m/s casted.
Subject 8.
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Referring again to Table 20, it can be seen that there is no 
statistically significant difference between uncasted and casted 
trials for the biceps femoris. There is also no statistically 
significant difference for the gastrocnemius. Restriction of 
spinal motion secondary to the cast, had no noticeable effect on 
these muscles.
In addition to comparing rectified EMG data for similarities 
and differences, it was decided to randomly check unrectified EMG 
signals for frequency content. Subjects 17, 19, and 24 - 26.
were checked. Only the erector spinae and rectus femoris muscles 
were checked, since they were the only muscles that showed
statistically significant EMG differences between the casted and 
uncasted states. A statistical analysis showed no significant 
difference in frequency content of the EMG signals, when 
comparing uncasted versus casted.
SECTION 4-6.0 CASTING
Table 21 shows the mean ranges of lumbar spinal motion
uncasted, and casted, for all subjects. Normal lumbar ranges of
motion in degrees, are; flexion 90, extension 30, rotation 30, 
and lateral flexion 35 (Hilt, 1980). In measuring rotation, the 
shoulders were used as a landmark. This means that data 
obtained for rotation would include both lumbar and dorsal
rotation. Thus, our rotation results are higher than those 
quoted in standard orthopaedic books, such as Hilt's (1980).
For flexion, extension, right and left rotation, the range 
of motion was decreased in the casted state by approximately 50%. 
The greatest percentage of restriction occurred in right and left 
lateral flexion. These motions were reduced by about 67%.
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MOVE- U F C F  U E C E  URR CRR UUR CIR IMF CKIF UUF CUP 
MENT
MEAN 94.4 43.3 32.3 16.6 46.8 24.8 47.9 26.4 30.6 10.4 29.4 11.0
SD 13.1 12.8 7.3 3.9 6.2 5.0 7.0 4.8 4.9 2.7 4.0 2.8
TABLE 21. Mean ranges of motion in degrees, as measured with a goniometer.
LEGEND
UF = UNCASTED FLEXION
CF = CASTED FLEXION
UE = UNCASTED EXTENSION
CE = CASTED EXTENSION
URR = UNCASTED RIGHT ROTATION
CRR = CASTED RIGHT ROTATION
ULR = UNCASTED LEFT ROTATION
CLR = CASTED LEFT ROTATION
URLF ss UNCASTED RIGHT LATERAL FLEXION
CRLF = CASTED RIGHT LATERAL FLEXION
ULLF = UNCASTED LEFT LATERAL FLEXION
CLLF = CASTED LEFT LATERAL FLEXION
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Lantz (1986) tested the effects of several types of orthoses 
on their ability to restrict trunk motions. One of the braces 
used was a moulded plastic thoraco-lumbar brace, similar to the 
one used in this experiment. However, Lantz' s brace was cut 
lower superiorly, and higher inferiorly. A look at the range of 
motion restrictions shows that on average, Lantz's moulded brace 
reduced flexion by 9 degrees, extension by 11 degrees, rotation 
by 18 degrees, and lateral flexion by 15 degrees. The figures for 
rotation and lateral flexion are comparable to ours, but our 
brace reduced flexion and extension much more than did Lantz' s 
brace. This is due to the fact that our brace was longer, and we 
used shoelaces to make the brace as tight as possible, much like 
a corset. One possible consideration is that the cast not only 
restricts thoraco-lumbar motion, but that it also restricts hip 
motion directly, because the cast comes down to the level of the 
anterior superior iliac spine. Theoretically, it could only 
interfere directly with flexion or extension by mechanically 
blocking these motions. The cast does not cross the hip joint, 
and could not interfere with internal and external rotation, nor 
with abduction or adduction. If the cast could block certain 
movements, then results obtained could be due to the blockage, 
and not due to decreased spinal motion.
A goniometer was used to study hip range of motion in 10 
subjects. Normal hip flexion is 120 degrees (Hilt, 1980) . 
Results showed that on average, hip flexion was reduced by about 
9 degrees when the cast was worn. All subjects reported that the 
cast physically interfered with hip flexion at the end range of 
flexion. However, they felt that they could have forced their 
hips to flex more if requested. There was no noticeable
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restriction in hip extension. There were no noticeable 
restrictions with internal or external rotation, abduction or 
adduction. It can be concluded that there is approximately a 9 
degree restriction of hip flexion during the running trials with 
the cast.
Whether the cast interferes with other articulations that 
are important during running must be considered. The arms are 
important because they help to rotate the trunk. If their 
movement were interfered with, this could influence gait 
measurements. The position of the cast is below the scapulae, so 
it cannot directly interfere with osseous movement of the
shoulder.
Muscle involved in extending the shoulder are; the posterior 
deltoid, teres major, teres minor, long head of the triceps, and 
the latissimus dorsi. Of these, only the latissimus dorsi could 
be influenced directly by the cast. Since the cast is firmly
fastened around the ribs, it must press somewhat on this muscle. 
The effect of placing a tight band around a muscle could decrease 
circulation sufficiently to cause numbness. This did not occur. 
None of the subjects reported any difficulty in swinging the arms 
during running when asked. Analysis of the films of the subjects 
did not reveal and problem with arm motions. Admittedly this is 
subjective, given the lack of exact coordinates with which to
measure arm movement. Given the fact that there are several
muscles involved in arm extension, it is difficult to see how the 
cast could have interfered directly with arm movement as occurs 
during gunning.
It is certainly possible that the cast could interfere
indirectly with arm movement simply by restricting trunk
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rotation. The cast caused the trunk to face somewhat more 
obliquely at heel strike due to decreased rotation. The arms 
would participate in accelerating the body from this abnormal 
position. However, as mentioned, this is an indirect influence. 
Because of the obliquely facing trunk in the casted runners, it 
is quite reasonable to assume that neck rotators would be more 
active simply because of the trunk position. Again, this would 
be an indirect effect of the cast. Unfortunately, we were not 
able to measure these motions. It would be very interesting to 
see what effects occurred elsewhere in the body secondary to 
restricting spinal motion during running.
Slocum (1962) stated that running with the trunk at 
approximately 0 degrees to the vertical, is the optimum position 
for minimising effort during running. He questions whether any 
good runners incline the trunk forward past the vertical. On the 
other hand, Elliot (1980), Girardin (1984), and Yoneda (1979) 
showed that the there is a slight forward lean at heel strike. 
For jogging, a forward lean of up to 7 degrees is reported. Some 
of our runners were filmed from the side while running. It seems 
that there is a slight forward lean, in agreement with the latter 
authors mentioned. Since the function of the erector spinae is 
to prevent forward rotation of the trunk at heel strike, by 
contracting eccentrically, and there is always erector spinae 
activity at heel strike, it would seem that there is at least 
some forward lean of the trunk at the moment of heel strike.
With the trunk approximately even with the vertical during 
running, or inclined slightly forward, it is important to get an 
idea of the angle of the thigh in relation to the trunk during 
running. Then the importance of the 9 degrees of hip flexion
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restriction seen during casted running can be assessed. Cavanagh
(1982), Elliot (1981), and Sinning (1970) reported that thigh 
flexion increased with increased running speed. Elliot reported 
a thigh angle of 25.7 degrees at 3.5 m/s during treadmill
running. Cavanagh reported a thigh angle of 45 degrees at 4.5
m/s during treadmill running. Cavanagh also reported a thigh 
angle of 59 degrees at 8 m/s for running overground. Our runners
maximum speed was 4.72 m/s. Even if the maximum figure of
Cavanagh, a thigh flexion angle of 59 degrees with the vertical 
is accepted as typical for the subjects in our study, it can be 
seen that the range of motion in which the thigh flexes during 
running is not affected by the 9 degree restriction which our 
casted runners had. Equally as important as the restriction in 
gross range of motion, is the range of motion required to perform 
a specific function. The thigh in running does not operate 
anywhere near the extremes of flexion.
Theoretically, the brace used in our experiment could force 
the subject's lumbar spine into either a kyphosis or a lordosis. 
The variable that we wanted to test was whether a decrease of 
spinal mobility resulted in kinetic or kinematic changes. If the 
subject was forced to run from a kyphotic or lordotic position, 
this could introduce a second, unwanted variable into the 
experimental procedure.
Bracing is often used for correction of spinal deformities, 
or for spinal stabilisation. A principle utilised is the three 
point pressure principle. It is explained in LeVeau (1992) as 
follows: a single opposing force equal in magnitude and opposite 
in direction to two parallel forces acting in the same direction 
is used in bracing. For example, if a person had a cast on which
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pressed against the pelvis, with force FI, and upper rib cage 
with force F2, in a posterior direction, it would require the 
back of the cast to press against the dorsal vertebra with force 
F3, in an anterior direction. Obviously, the cast would have to 
be tight, and the posterior height of the cast, which would be 
the source of F3, would have to be at a level between FI and F2. 
Otherwise, the cast would be ineffective in controlling vertebral 
column alignment.
Therefore, the height of the front and back of the cast is 
important for controlling vertebral column alignment. Our cast 
is cut so that the front and back heights are at the same level. 
The cast is anchored at the level of the pelvis, and at the level 
of the upper rib cage. There are two parallel forces acting from 
front to back that are opposed by two parallel forces acting from 
back to front, at the same level. This provides for restriction 
of motion, but does not force a change in vertebral column 
alignment.
Because the cast is anchored to the rib cage, it could 
interfere with breathing. In fact, tidal volume was restricted 
to a certain extent. The significance of this on the results 
obtained was discussed in the section on energy. It was not 
sufficient to account for the energy changes seen in our 
experiment.
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CHAPTER 5 CONCLUSIONS
The limited kinematic and temporal data collected from our 
subjects did not allow for kinematic calculations of velocities 
or accelerations to be made. However, important but hypothetical 
conclusions can be made from our data. These are based upon some 
of the concepts of kinematic data analysis, and some facts 
regarding ranges of motion.
It was shown in chapter 4 that dorso-lumbar spinal ranges of 
motion were decreased with casting. It was also shown that the 
kinetic, kinematic, and energy changes that occurred in the 
casted subjects during running were secondary to reduced spinal 
mobility. Let us take this one step further, and say that we 
could somehow block spinal rotation and its coupled motion, 
lateral flexion 100%, whilst still allowing complete flexion and 
extension. Such a model could be considered a "worse possible 
case", since 100% of rotation would be blocked. The blockage 
would be in the area of the spine covered by our cast, from about 
T7 to the pelvis. The net joint moments in the lower lumbar 
spine at heel strike would normally be flexion, rotation and 
contra-lateral lateral flexion. The rotation would be in 
opposition to the forward rotation of the pelvis on the stance 
leg side. The flexion would be due to the forward momentum of 
the upper body, and the lateral flexion would be due to the 
tendency of the pelvis to drop on the non-support side, in 
addition to its coupled motion with rotation. At heel strike, 
there would still be activity of the erector spinae to limit 
forward flexion of the spine in the lumbar area, one of only two 
motions permitted in our example. Thus, the net joint moment in
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the lower lumbar spine would change from one of flexion, lateral 
flexion, and rotation to one of pure flexion. Any stored lateral 
flexion or rotational potential energy in spinal muscle, tendon, 
and/or ligament, would be cancelled. The only stored energy 
would be from structures stretched in flexion.
Normally, as the stance phase progresses, spinal 
counter-rotation increases, to counteract pelvic rotation. In 
our theoretical model, spinal counter-rotation would be 
eliminated. There would be a transfer of energy from the hip and 
pelvis to the lower lumbar spine. This would occur on the side 
of the swing leg. The result would be a rotatory movement of the 
entire pelvis and spine up to the highest level of the cast. 
They would be moving as a rigid unit. The would cause the trunk 
to face a more oblique position, towards the stance leg side, as 
the body prepares for toe off. Since the trunk would be 
commencing the next step cycle facing laterally, more muscular 
activity would be required to accelerate it from this position. 
The inertia would be greater than it would be if spinal 
counter-rotation were permitted. The net effect would be that 
more energy would be required.
It was stated by Cappozzo (1978) that there is a protective 
advantage in maintaining a smooth motion of the head during 
running. He noticed that the head movement was smoother than 
pelvic movement. It was maintained straighter during running. 
The reasons given were to decrease excessive mechanical stimulus 
to the eyes and labyrinth, and to protect the brain from rapid 
acceleration/ deceleration that could result if the head were 
rotating more. This was seen in all runners whom we have 
analyzed. In addition, the head was kept relatively straight.
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In our model with dorso-lumbar rotation eliminated, there 
would have to be some point in the spine where counter rotation 
commenced, if the head were to be maintained in a straight 
position. Otherwise, the head would be facing obliquely, with 
the trunk and pelvis, at every toe off. The lowest that the 
point of counter-rotation could begin would be at the vertebral 
level just above the cast. This upper dorsal counter-rotation, 
coupled with cervical counter-rotation, would allow the head to 
be kept in its normal straight ahead position during running. 
There would be a problem, however. The amount of rotation present 
in the dorsal vertebrae is limited. Structures which are not 
constructed for repetitive rotation, are being required to rotate 
with every step. The possibility of an overuse injury would seem 
to be greater in the model with no rotation permitted.
The next thing to consider would be what would happen if we 
could completely eliminate flexion and extension in the area 
surrounded by the cast, and allow rotation and its coupled 
motion, lateral flexion. At heel strike, there would be no 
forward movement of the trunk to decelerate, as in normal 
running. Forward movement of the trunk at heel strike ensures
that the posterior facet joints of the lumbar vertebrae are 
opened. Thus, they are not weight bearing. It was shown in 
chapter 3 that the vertical reaction force, Fz, is about 1.5 - 2 
times body weight. With no flexion permitted, it is reasonable 
to assume that some of the Fz force would be transmitted to the 
lumbar facet joints, since the body would be more rigid at heel 
strike, and the posterior facet joints would not be open as much.
In addition to the position of the spine at heel strike, the 
entire period of deceleration of the forward flexion of the trunk
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must be considered. Tissue loading secondary to deceleration 
occurring over a longer period, is less likely to result in 
damage than deceleration occurring over a short period. When no 
spinal flexion is allowed to occur at heel strike, the 
compressive deceleration forces transmitted to the spinal discs 
and facet joints, will occur in less time than in a normally 
flexing spine. It is reasonable to assume that if tissue damage 
occurred, it would be less likely to occur in the normally 
flexing spine, since the loading rate of tissues occurs over more 
time (LeVeau 1992).
If spinal flexion is absent, then the erector spinae muscles 
will not undergo eccentric contraction at heel strike, and the 
pre-stretching of a muscle which results in a more forceful 
counter-contraction, will not occur. Whatever elastic strain 
energy normally stored in the posterior lumbar musculature and 
connective tissue, will not be returned during terminal stance 
phase. As the stance leg goes into extension, it will not be 
helped by the erector spinae, since no spinal extension is 
permitted. The hip extensors will have to be more active in 
order to help accelerate the body at toe off. Since it was shown 
in chapter 3 that one of the hip extensors, the biceps femoris 
group, did not statistically demonstrate more activity during 
casted running, it could be assumed that the other large hip 
extensor, the gluteus maximus, would be more active. Time 
limitations did not allow us to do another experiment to see 
the effects of restricting spinal motion on other important 
muscles, such as the gluteus maximus, or the abdominal muscles.
It is accepted that there is a coupled motion pattern 
between rotation and lateral flexion in the spine. (White 1989) .
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As mentioned in chapter 2, Lovett showed that a flexible rod, 
bent in one direction will induce an axial torque if it is bent 
in another plane. Pope (1977) tested this idea on cadavers. He 
demonstrated that rotating the spine 20 degrees counter-clockwise 
and then bending it 20 degrees to the right resulted in a net 
rotation in the lumbar spine of from 2 - 5  degrees clockwise. L 
5 rotation was close to 2 degrees, while Ll was close to 5 
degrees. The lumbar spine is lordotic at toe off, as it goes 
into its position of maximum extension attained during running. 
It is laterally flexed slightly towards the side of the stance 
leg. The position of lateral flexion changes at each heel 
strike. Whether this axial torque is exploited during human 
locomotion, as Gracovetsky has suggested, is not proven at this 
time. However, if lateral flexion is eliminated in our model, 
then it is certain that this axial torque would not occur. It 
can be assumed that if a regular motion pattern occurs across 
subjects in a common activity such as running, then there is 
probably a good reason for it.
Results from this experiment showed that stride length was 
shortened as an effect of restricting spinal motion during 
running. It was discussed in chapter 4 that decreased extension 
would be the movement most likely responsible for this. Across 
the range of subjects, the stride length was shortened by 4 %. 
This means that on average, subjects with spinal motion 
restricted took 6 steps more per minute.
Overuse injuries, which are common in running, can occur if 
an event which normally occurs in a specified time frame, has to 
occur in a shorter time frame. Muscles, joints, etc. are being 
asked to do more. They may not be able to cope with this.
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Results thus far indicate that spinal motion restriction alters 
certain parameters of gait, and requires that certain muscles 
become more active. It is very possible that fatigue could 
result from this increased muscle activity. Fatigue makes anyone 
more susceptible to injury. Although some of the changes 
demonstrated seem small, they occurred in less than 10 seconds of 
running. If these changes are multiplied over a longer period of
time, the runner may be more prone to an overuse injury.
Thus far, EMG and force platform changes that have occurred 
between uncasted and casted running, have been described in terms 
of what happens during the stance phase of gait only. This is 
understandable. For the force platform, all data obtained 
depended on the foot being in contact with the platform. The EMG 
results showed that the changes that took place occurred during 
stance phase, and were eccentric contractions.
Foot switch data showed that during each stride, the foot 
spends approximately 60% of its time off of the ground in the 
swing phase. Twenty five percent of the swing phase, or 15% of 
the entire gait cycle, is spent with neither foot contacting the 
ground. This is the float phase. These figures were obtained at
2.78 m/s. Each leg spends most of the gait cycle in the air.
The EMG activity of the four muscles monitored showed little 
activity during the float phase. This is the phase when the
pelvis starts to change its direction of rotation. It is 
characterized by ending pelvic rotational deceleration in one 
direction, and commencing pelvic rotational acceleration in the 
opposite direction. Therefore, pelvic rotational inertia is 
greatest at this time. At the moment of toe off, the 
ipsi-lateral pelvis has not yet started to rotate in the
230
direction of the contra-lateral side. After toe off, the lower 
leg is elevated, with the foot approximating the buttock, and 
starts to come forward. This foot position helps to decrease the 
rotational inertia of the leg, since the centre of mass of the 
lower leg is now concentrated more towards the centre of mass of 
the leg. It is at this time that the pelvis starts its 
counter-rotation.
The forces for this must be internal, since the body is now 
in the float phase, and cannot push against its external 
environment. The trunk rotators are active. They have been 
pre-stretched by the previous rotation, so contract more 
forcefully as they help to initiate pelvic counter-rotation. 
Pre-stretching of a muscle results in a more forceful contraction 
(Dietz 1979, Gollhofer 1984). There is also the possibility of 
elastic strain energy being employed. Since the rotational 
inertia is greatest at this time, it would seem reasonable to 
employ all possible mechanisms available to overcome it.
At the moment when the vertical ground reaction force is at 
its highest, axial compressive forces on the intervertebral discs 
will be at their highest. During the float phase, there are no 
vertical ground reaction forces, and the compressive forces on 
the discs are at their lowest. As speed increases, vertical 
reaction forces also increase. It would be logical to assume 
that the compressive forces on the discs also increase. 
Gracovetsky (1987) showed that the strength of the disc varies 
inversely with compression. Thus, it would be at its highest 
during the float phase, when the compressive forces would be at 
their lowest. The discs also show visco-elastic properties 
(Kazarian 1975). Their response to loading is time dependent.
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It would seem that there would be optimal maximum and minimum 
compressive forces, and an optimal rate of loading of the discs, 
directly related to gait cycle time, which is directly related to 
running speed. This implies that impulse loading during running 
might be important. Gracovetsky (1987) suggests this. Snel
(1983) states that there is a mechanism that tries to maintain 
the ground reaction forces at an optimal level.
Previous foot switch data in chapter 4 showed that casted 
running results in a shorter stride length and stride cycle time. 
The data also showed that there was no consistency when 
considering the two components of the stride cycle, the swing and 
stance phases. This would seem to indicate that the body 
shortens the stride cycle when the spine is restricted, but it 
does so by varying either, or both of the two components. Thus, 
it can actually lengthen stance time, if it shortens swing time 
proportionally in order to achieve an overall decrease in stride 
cycle time. It is interesting to note that the float portion of 
the swing phase time also varies. No statistically significant 
difference between uncasted and casted float times was found. 
However, the changes in float time do not always parallel the 
changes in swing phase. This part of the swing phase can also 
act independently.
On the basis of what was discussed regarding neurology, and 
on the basis of the experimental results obtained, several 
conclusions can be assumed to occur regarding the muscles. 
Proprioceptive afferent impulses are altered according to muscle 
length, and to how the length is changing. With an alteration in 
afferent input, the efferent output is also altered. The cast 
restricted all ranges of spinal motion. The erector spinae
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activity was higher in the casted state. This muscle is
responsible for decelerating trunk motion in both the anterior 
and lateral directions. It is reasonable to assume that the 
afferent input from the muscle spindles and golgi tendon organs 
in the erector spinae, was altered during the casted state, since 
its EMG activity was altered.
It is necessary to consider the possibilities that could 
explain this. The trunk could assume more forward flexion, less 
forward flexion, or the same forward flexion, in the casted state 
than in the uncasted state. The activity of the erector spinae 
equilibrates the moment created by trunk flexion. It is
reasonable to discard the possibility that the forward moment of 
the trunk is the same in the casted and uncasted states, because 
EMG activity was not the same. Statistically, it is higher in 
the casted state. If the forward flexion moment was less in the
casted state, but the EMG activity was greater, this would imply
that there was a greater rise and fall of the body's COM. Using 
equations for free fall, and accepting reports from the 
literature that forward inclination of the trunk during running 
reaches a maximum of 7 degrees, we could calculate all of the 
flexion moments possible within stipulated boundary conditions. 
But the fact is that our cine data of runners showed that the COM 
has less vertical excursion in the casted state. The most 
reasonable explanation based upon the data collected, is that 
forward flexion of the trunk is increased in the casted state. 
This would require a greater level of eccentric EMG activity of 
the erector spinae in order to equilibrate this increased flexion 
moment of the trunk, which is what our results showed. It was 
demonstrated earlier that flexion was the movement least affected
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by the cast. Therefore, the subjects would certainly have been 
able to flex the trunk to the reported maximum of 7 degrees. 
Even if we accepted 15 degrees of trunk flexion as normal at heel 
strike, the casted subjects would have been easily able to do 
this. The reason is that the trunk in running does not operate 
at the extreme limit of flexion. It never approaches it. Even 
in a completely fused spine, it is possible to obtain forward 
flexion of the trunk due to hip flexion.
The situation is different for spinal extension. The range 
of motion is considerably smaller than in flexion; 90 degrees for 
flexion as opposed to 35 degrees for extension. The trunk is 
operating closer to the end range of motion in extension than it 
is in flexion. When spinal extension is restricted, then the 
effective lever arm of extension is shortened, and the trailing 
leg will have to leave the ground sooner. This will result in a 
shorter stride length. This also would help to explain why the 
propulsive Fy2 ground reaction forces were diminished in the 
casted state. Proprioceptor and mechano-receptor afferent 
impulses in the erector spinae, and other posterior trunk 
muscles, would be increased if the trunk flexed more at heel 
strike. The net effect would be an increase in EMG activity to 
equilibrate the increased flexion moment. A muscle that is 
pre-stretched eccentrically will have a stronger concentric 
contraction.
From what has been described above, it is possible to 
speculate. The trunk probably flexes more when spinal motion is 
restricted, as it is in this experiment. This is a compensatory 
movement. If spinal extension is restricted, it would seem 
reasonable for the trunk to flex more at heel strike. This
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causes a greater eccentric activity of the erector spinae, which 
would result in a greater concentric contraction. This plus the 
return of any potential energy in the form of stored elastic
strain energy in posterior structures, would help the 
acceleration of the trailing leg. Any concentric erector spinae 
activity that could help leg extension, would have to occur at 
the time just after heel strike. This is so because the EMG 
data shows very little erector spinae activity after the first 
one third of stance phase. Therefore, it could only help by
initiating acceleration of the trailing leg shortly after heel 
strike. It must be remembered that since spinal extension is 
restricted at its end range, stride length is going to be 
shorter. Perhaps an increase in trunk flexion is a mechanism 
that helps to compensate somewhat for the loss of spinal 
extension and stride length seen in the casted state.
If trunk rotation is blocked during running, then there will 
be an increased transfer of energy between the rotating pelvis on 
the swing leg side, and the trunk. The effect will be to rotate
the trunk in the same direction as the pelvis on the swing leg
side. This would result in trunk rotational acceleration, which 
would have to be decelerated at heel strike, or shortly 
thereafter. This increase in trunk rotation, coupled with an 
increase in forward flexion of the trunk at heel strike, would 
require more muscular activity to decelerate the body's COM. In 
this situation where rotation is blocked, it would be probable 
that trunk rotators would also participate in decelerating the 
rotational component of trunk acceleration.
Next, we consider the situation where trunk counter rotation 
is normal. Pelvic rotation combined with trunk counter rotation,
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will minimize energy transfer between these two segments. 
Because rotation is very limited in the dorsal spine, the point 
where counter rotation stops and pelvic rotation begins, will be 
in the mid lumbar spine. If we take an arbitrary point, say 
L3/L4, as the transitional area where counter rotation and 
rotation meet, we can measure the maximum amount of rotation of 
the trunk above L3/L4. If there is a lack of mobility between 
L3/L4, then the transitional area will move up one segment to 
L2/L3. It will be apparent that the amount of trunk rotation 
will now be several degrees less than before. More energy 
transfer will have occurred between the pelvis and the trunk. 
This will mean that during running, the trunk will not be able to 
counter rotate as much, and will be facing more obliquely, 
towards the trailing leg side of the body, just prior to heel 
strike. More muscular activity will now be required to 
accelerate the trunk back towards the mid-line, with the next 
stride.
The discussion thus far has focused on theoretical 
situations in which a particular motion was blocked, or on the 
experimental situation with the cast on. It is now time to 
consider possibilities that could actually occur in running. 
There is the anatomical possibility that mobility in the lumbar 
spine could become blocked inter-segmentally. This could be due 
to chronic muscle spasm, or hypo-mobility of joint capsules or 
ligaments. It could occur between two or more segments. The 
severity of the spasm or ligament tightness, and the number of 
segments involved would determine how much mobility was lost. 
Chronic muscle spasm, and ligament and joint capsule tightness 
would certainly alter the afferent input from proprioceptors and
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mechano-receptors. This would also alter the efferent output. 
To what degree is not known, nor provable at this time. The 
restrictions imposed on the runners by the cast can be considered 
external, and acting at end ranges of motion, over a wide range 
of segments. Real musculoskeletal restrictions can be considered 
internal, acting via muscles, ligaments, and joint capsules to 
restrict end ranges of motion and possibly initial motion of 
segments, over a narrower range of segments than the cast.
The following discussion of overuse injuries is taken from a 
standard text on Sports Medicine (Teitz 1989), and from personal 
clinical observations.
Overuse injuries can occur when normal loads are frequently 
applied to musculoskeletal tissue, without allowing sufficient 
time between loading for normal tissue adaptation to loading to 
occur. The applied load is in excess of the tissue's ability to 
elongate without having its structural integrity disrupted. A 
tendon must be stretched more than 4% of its resting length in 
order to be damaged. Tendinitis is the most common overuse 
injury.
When an overuse injury does occur, there is the normal 
bodily response to inflammation; swelling and release of chemical 
mediators to phagocytose any debris, and to initiate the tissue 
repair process. The inflammatory response lasts about 48 hours. 
The degree of the inflammatory response depends upon the severity 
of the injury. With moderate overuse injuries, recovery is 
usually complete within 72 hours.
It is crucial that any tissue subject to loading have 
sufficient time to recover between applied loads. Sufficient 
recovery time will allow for tissue adaptation. In this way,
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gradually increasing loads are used to increase strength, 
endurance, or flexibility of a tissue.
Reasons for overuse injuries are varied. Variations in 
anatomical alignment can contribute to overuse injuries. Flat 
feet result in a loss of the normal arch of the foot. Upon foot 
impact during running, the loss of the arch will cause the foot 
to over-pronate. This causes the tibia to internally rotate more 
than normal. This creates a valgus (knock - kneed position; 
opening of the medial tibio - femoral angle, and closing of the 
lateral tibio - femoral angle) stress at the knee, which can be 
seen when flat - footed subjects walk or run. The posterior 
tibialis tendon is also stretched more in the flat - footed 
runner than in the normal runner. Another cause of overuse 
injuries would be the inefficient use of muscles, or the use of 
unnecessary muscles, to perform an activity. This occurs in the 
athlete who is not so coordinated, who has not learned how to 
perform the activity properly, or who is not properly 
conditioned.
Fatigue is a mechanism that could certainly lead to overuse 
injuries. It is defined by MacDonald (1985) as the failure to 
generate maximum voluntary force, or failure to maintain a 
prescribed force level. The ability to generate force is reduced 
when fatigue is present. Some of the conditions present during 
fatigue were summarized by Bigland-Ritchie (1984). They are: a 
shift in the EMG power spectrum, with a shift to the lower 
frequencies; conduction velocity and contraction speed decrease; 
the accumulation of metabolites. Basmajian (1985) also lists a 
diminished amplitude of the EMG signal as a sign of fatigue.
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The results of our limited EMG analysis on raw signals 
showed no power spectrum shift during casted running. No 
visually obvious decrease in EMG amplitude was present in the EMG 
signals of the casted running trials. We were not able to 
measure blood lactate levels. None of the subjects complained of 
fatigue during the trials, although they all stated that it 
seemed more difficult to run with the cast on. It would seem 
that none of the objective signs of fatigue were present. 
However, one would not expect fatigue to occur in 6 minutes of 
running, in athletes who were trained runners, running at a speed 
below their normal one. It is reasonable to assume that muscles 
using more energy would arrive at a state of fatigue sooner than 
muscles using less energy. Decreased spinal mobility secondary 
to ligament contracture, would decrease the ability of the body 
to utilize potential energy stored as elastic strain energy in 
the ligaments and other connective tissue. Decreased spinal 
mobility secondary to muscular spasm would limit the forward 
excursion of the trunk at heel strike, and would affect the 
events associated with acceleration during running. Such muscles 
would need to recruit more fibres, and synergistic muscles, in 
order to accomplish the task required of them. It seems 
reasonable that the state of fatigue is going to occur sooner in 
the runner who has restricted spinal motion.
Changes as seen in this experiment, could certainly increase 
the possibility that muscles, joints, and ligaments would be more 
subject to fatigue and overuse injuries. Certain muscles are 
undergoing more activity, the body is using more energy, and 
there is an increase in deceleration ground reaction forces.
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Although these conclusions seem reasonable, the practical 
application of the experimental results could be enhanced in the 
future by considering two further experiments. First, it should 
be determined how much time is required for a runner to reach a 
fatigued state, as determined by the objective methods listed 
before; EMG power shifts, decreased EMG amplitude, and the 
accumulation of metabolites in the blood. This experiment must 
then be repeated with spinal motion restricted. By recording the 
time spent running, and by inclining the treadmill upwards, work 
could be calculated for the normal and spinal restricted states. 
Secondly, it would be necessary to measure how much spinal 
restriction was actually present in a subject. Then, the effects 
of a known amount of spinal restriction could be determined by 
kinetic and kinematic methods of gait analysis. It would then be 
important to have some clinical method of removing the spinal 
restriction, such as manipulation, and re-testing with the same 
kinetic and kinematic methods. A comparison of the results 
obtained under the two conditions would yield valuable results. 
This would be a difficult project requiring clinical methods, but 
it is felt that it could be done.
The role of the spine in human gait has not been fully 
investigated. It has been shown experimentally that spinal 
mobility has definite influences on selected parameters of gait. 
The increase in 02 utilization signifies that more metabolic 
activity is occurring during casted running. Speaking in general 
terms, such an increase could result in earlier fatigue. The 
increase in metabolic activity was shown to be due, in part at 
least, to an increase in EMG activity of the rectus femoris and 
erector spinae muscles. The greater the force exerted by a
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muscle or a motor unit for a given task, the more likely the 
muscle will become fatigued. These muscles could reach a fatigue 
state sooner. Muscle fatigue can impair motor performance, and 
contribute to injury.
The increase in the Fzl ground reaction force could result 
in more shear force between bone and muscle in the lower leg, 
with possible periosteal reaction, leading to inflammation and 
possible injury.
Since a shearing stress occurs in the ankle joint during 
foot contact, any increase in this force could result in ankle 
injuries. This ground reaction force, Fyl, is increased when 
spinal motion is restricted.
The decrease in the Fy2 ground reaction force means that 
acceleration of the body at toe off is less, and the elevation 
of the COM is less. This allows less time for rotation of the 
pelvis prior to the next heel strike, and might lead to earlier 
fatigue of the trunk rotators. It must be remembered that EMG 
data of these muscles was not collected in our experiment.
It is hoped that the results obtained here will provide some 
small insight regarding the importance of spinal mobility in a 
common activity, running. It is also hoped that this research 
effort will encourage others to investigate what role spinal 
mobility may play in other athletic activities. The methods 
employed should be able to be duplicated in other laboratories.
At this stage, it is worth looking again at the objectives 
which were listed in Chapter 1. It is felt that they have all 
been met.
APPENDIX
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Piezo-Instrumentation
MEHRKOMPONENTEN-MESSPLATTFORM FOR BIOMECHANIK UND TECHNIK  
PLATE-FORME DE MESURE A PLUSIEURS COMPOSANTES POUR LA BIOMECANIQUE 
MULTICOMPONENT MEASURING FORCE PLATE FOR BIOMECHANICS AND INDUSTRY
KISTLE
6.9281
Type
9281B.
Ed.
6.80
p.
1 . ..4
Quarzkristall- Mehrkomponenten- Messplattform 
zum Messen beliebig wirkender Krafte und Mo- 
mente. Mit einer entsprechenden Auswerte- 
elektronik lassen sich die drei orthogonalen 
Komponenten der angreifenden Kraft, die drei 
Komponenten des resultierenden Moment- 
vektors sowie unter gewissen Bedingungen auch 
die Koordinaten des momentanen Kraftangriffs- 
punktes und das freie Moment normal zur Platt- 
form bestimmen. Grosser Messbereich, hohe 
Eigenfrequenz.
Plate-forme de mesure £ cristal de quartz a plu- 
sieurs composantes pour mesurer des forces et 
des moments quelconques. Par une electronique 
correspondante, on peut determiner les trois 
composantes orthogonales de la force resultante, 
les trois composantes du vecteur moment resul­
tant, ainsi que, sous certaines conditions, les 
coordonnees du point d'application momentan£ 
et le couple autour d'un axe normal a la plate- 
forme. Gamme de mesure etendue, frequence 
propre #lev£e.
Quartz multicomponent measuring platform fo 
measuring forces and moments. From a suitabl* 
electronic unit, the three orthogonal component 
of the resulting force, the three components o 
the resulting moment vector and, under certaii 
conditions, the coordinates of the instantaneou 
point of force application as well as the torqu 
normal to the platform can be obtained. Wid 
measuring range, high natural frequency.
9281811 9281812 9281B13
9281B21 9281B22 9281B23
TECHNISCHE DATEN DONNEES TECHNIQUES TECHNICAL DATA
Bereich: F x, F y Gamme: F„, Fv Range: F „ , Fv kN -1 0  ... 10
F, F, F, kN -1 0  ... 20
Kalibrierter Teilbereich: F „ , F V Gamme partielle etalonn4e: F „ , Fy Calibrated partial range: F„ , Fv , kN 0 ... 1
F, Fj F* kN 0 . .  2
Oberlast: F „ . F V Surcharge: F „ , Fv Overload: F „ , F y kN -  15/15
F* F, F, kN -1 5 /3 0
Ansprechschwelle: F „ , F V Seuil de r^ponse: F* , Fy Threshold: Fx , F y mN < 5
F, F, F, mN < 1 0
Empfindlichkeit: Fx. F y Sensibility: Fx, F y Sensitivity: F „ , F V pC/N - 8
F, F, F, pC/N -3 .8
Linearitat 1 fur Bereich und Linearity 'I pour gamme et Linearity 'I for range and %FSO <±0 .5
Hysterese /  Teilbereich Hyst6r£sis /  gamme partielle Hysteresis /  partial range %FSO < 0.5
Ubersprechen: F, -* Fxy Crosstalk: F * - * F xy Crosstalk: F* -*• F„ y % <±1
F , 5 F V' F* S F V F« S F V % . <±1
F , v -  F? Fx.y - F , Fx.v F? % < ±2
Eigenfrequenz Frequence propre Natural frequency Hz = 800
Betriebstemperaturbereich Gamme de temperature d'utilisation Operating temperature rSnge °C -2 0  ... 70
Anschlusskabel CSble de connexion Connecting cable Type 1681A5
Isolationswiderstand Resistance d'isolement Insulation resistance t  n > 1 0
Gewicht Poids Weight „ kg =40
*) Kraftangriff mnerhalb der Deck- 
flache.
* *) Anqeqebene VVerte gelten fur
*) Le point d'application de force 
au-dedans de la plaque sup^rieure. 
* * )  Les valeurs donnas s'appliquent
*) Application of force inside 
top plate area.
* * )  Data given apply for 9 28 1B1 1.
i- nartlnnt <;pp naae 1 T.
1-iU I U.ull
SCHREIBUNG
> Messplattform besteht aus einem Grund- 
imen, auf den vier 3-Komponenten-Kraft- 
fnehmer unter hoher Vorspannung montiert 
d. Auf diese Elemente ist eine Deckplatte an- 
aracht, welche zur Einleitung der zu messenden 
aft dient. Es stehen Deckplatten aus Alumi- 
tm oder Stahl in verschiedenen Ausfuhrungs- 
rianten zur Verfugung. Gleichartige Deckplat- 
i  konnen gegeneinander ausgetauscht werden, 
ne die technischen Daten zu verandern. 
e Ausgange der vier 3-Korrponentenkraft- 
fnehmer sind intern so zusammengeschaltet, 
ss acht Ausgangssignale entstehen, aus denen 
i allgemeinen Fall je die drei Komponenten des 
greifenden Kraftvektors unddesresultierenden 
Dmentvektors (auf den Koordinatenursprung 
zogen) bestimmt werden konnen. Bei den 
attformen mitglatter Oberflache lassen sich aus 
n drei Komponenten des Momentvektors die 
aordinaten des momentanen Kraftangriffs- 
mktes sowie das freie Moment normal zur 
atte berechnen.
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La plate-forme de mesure se compose d'un cadre- 
chassis de base sur lequel sont months, sous pre- 
contrainte elevee, quatre capteurs de force a 
trois composantes. Les capteurs sont surmontes 
d'une plaque superieure, qui sert a ('applica­
tion de force a mesurer. Un choix de plaques 
en aluminium ou en acier en executions diff£- 
rentes est disponible. Plaques de meme nature 
sont interchangeables sans changer des donndes 
techniques.
Les sorties des quatre capteurs a trois compo­
santes sont combinees en huit signaux de' sortie, 
des quelles on peut tirer en general les trois 
composantes de la force resultante et du mo­
ment resultant (refere-- a I'origine des coor­
donnees). En cas d'une plate-forme avec surface 
lisse, des trois composantes du vecteur moment, 
on obtient en plus les coordonnees du point 
d'application de force et le couple normal a la 
surface.
DESCRIPTION
The measuring platform consists of a base frame 
onto which four 3-component force transducers 
are mounted under high prestress. An inter­
changeable top plate which serves to apply the 
force to be measured is then mounted on the 
four transducers. A selection of aluminium and 
steel top plates in different versions is available. 
Similar top plates are interchangeable without 
altering the technical data.
The outputs of the four 3-component transducers 
are combined to give eight output signals, from 
which in general can be determined the three 
components each of the resulting force vector 
and the resultant moment vector (relative to the 
origin of the coordinate system). With platforms 
having a smooth surface, from the three compo­
nents of the moment vector, the coordinates of 
the instantaneous point of force application as 
well as the torque normal to the platform can be 
obtained.
USFOHRUNGEN VAR IA NTES v e r s io n s
Messplattform 
Plate-forme de mesure 
Measuring Platform 
Type
Deckplatte 
Plaque superieure 
Top plate 
Type
Material
Materiel
Material
Ausfiihrung
Execution
Version
Technische Daten 
Donnies techniques 
Technical Data
9281B ohne/non compris/without - - -
9281B11 9421A11 Aluminium glatte Oberflache 
surface lisse 
smooth surface
siehe Seite 1 
voir page 1 
see page 1
9281B12 9421A12 Aluminium Gewindelocher 
Trous taraud£s 
Tapped holes
siehe Seite 1 
voir page 1 
see page 1
9281B13 9421A13 Aluminium T-Nuten
Encoches en "T "  
T-Slots
siehe Seite 1 
voir page 1 
see page 1
9281B19 Sonderanfertigung 
Execution speciale 
Special made
Aluminium Sonderanfertigung 
Execution speciale 
Special made
9281B21 9421A21 Stahl
acier
steel
glatte Oberflache 
surface lisse 
smooth surface
siehe unten 
voir ci-dessous 
see below
9281B22 9421A22 Stahl
acier
steel
Gewindelocher 
Trous taraud£s 
Tapped holes
siehe unten 
voir ci-dessous 
see below
9281B23 9421A23 Stahl
acier
steel
T-Nuten
Encoches en "T "  
T-Slots
siehe unten 
voir ci-dessous 
see below
9281B29 Sonderanfertigung Stahl Sonderanfertigung —
Execution speciale acier Execution spdciale —
Special made steel Special made -
9281B99 Sonderanfertigung nach Kundenwunsch Sonderanfertigung —
Execution speciale selon demande du client Execution speciale —
Special made according to customers request Special made —
JESONDERE DATEN FOR AUSFOHRUNGEN  
AIT STAHL-DECKPLATTE: TYPEN 9281B21, 
I281B22,9281B23
DONNEES SPECIALES POUR PLAQUE 
SUPERIEURE EN ACIER: TYPES 9281B21, 
9281B 2 2 ,9281B23
DATA FOR VERSIONS W ITH STEEL TOP 
PLATE: TYPES 9281B 2 1 ,9281B22 
9281B23
Bereich: Fx , Fv
F2
Kalibrierter Teilbereich: Fx, F y
F2
Oberlast: Fx , Fv
F2
Eigenfrequenz
Gewicht
*)Reduzierter zulassiger Raum ftir 
Kraftangriffspunkt:
|ax| + Iay| < 200  mm
Aaz < 100  mm, weitere
Angaben siehe Betriebsanleitung
Gamme: Fx , Fy
F2
Gamme partielle etalonn€e: Fx , Fv
f 2
Surcharge: Fx , Fy 
Fz
Frequence propre 
Poids
*)Domaine rgduit admissable pour 
point d'application:
|ax| + |ay| < 200  mm 
Aaz < 100  mm, pour plus de 
■ details voir notice d'employ
Range: Fx , Fy kN -2 0  ... 20
f 2 kN -2 0  . . .40
Calibrated partial range: Fx , Fy kN 0 ... 2
f 2 kN 0 ... 4
Overload: Fx , Fv kN -2 5 /2 5  *
F2 kN ■' . -2 5 /5 0  *
Natural frequency ' Hz - 6 0 0
Weight kg ‘ = 9 0
*)Reduced admissible area for 
point of force application:.
|ax( + Idyl < 2 00  mm 
Aaz < 1 00  mm, for more in­
formation see operating instructions
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AC AMPLIFIER AA6 Mk.III with PRE-AMPLIFIER PA62
1.0 INTRODUCTION
1.1 The AA6 is an a. c. coupled amplifier; it operates in conjunction with a remote pre-amplifier
which also acts as an electrode connection box. This provides a high impedance, low 
capacitance input which may be connected to an electrode by short leads to minimise interference pick-up 
and lead capacitance. These input characteristics, combined with a low amplifier noise level, make this 
unit particularly suitable for biological applications. LF and HF filters are incorporated, with two rotary 
switches to select the time constants and determine the amplifier bandwidth.
1 .2 An 11-way rotary switch provides a 2000:1 range of sensitivity from 5pV/div in 1-2-5 steps. 
Amplitude calibration voltages, selected by the gain switch to suit the sensitivity, may be
connected to the pre- amplifier input by the CAL pV switch. A preset GAIN control, with screwdriver 
adjustment through the front panel, enables the sensitivity to be set accurately.
1.3 The AA6 Mk.III occupies one module space in a nesting unit. It is connected to the pre­
amplifier by a multi-core cable 1*5 metres in length. In the MS6 system, the pre-amplifier
is mounted on a clamp-on extensible arm for maximum convenience. A 3-position switch selects the 
displayed signal as AA6, INT or EXT.
2.0 SPECIFICATION (PA62 input to AA6 Mk.III output)
Input Impedance:
Series Mode:
Common Mode:
Common Mode Rejection Ratio:
Maximum Differential Input Voltage:
Maximum Common Mode Input Voltage:
Maximum Gain:
LF Time Constants:
Equivalent Frequency at -3dB:
HF Time Constants:
Equivalent Frequency at -6dB:
Noise, Short Circuit Input (10s LF, 20ps HF): 
Gain Control Range:
Amplitude Calibration (when used in MS6): 
Electrode Connections:
100MG/15pF
Greater than 100MQ//30pF 
Greater than 50,000:1 at 50Hz 
0-5V 
0-5V
10^ (5/jV/div on MS6)
5, 10, 20, 50. 100, 200, 500ms, 1, 2, 5, 10s and x
32, 16, 8, 3*2, 1-6, 0-8, 0-32, 0-16, 0-08,
0*03, 0‘016Hzandx
5, 10, 20, 50, 100, 200. 500ps, 1, 2, 5, 10, 20ms
32, 16, 8, 3-2, 1.6kHz, 800, 320, 160, 80, 32,
16, 8Hz
Less than 5pV p-p, 0*8pV r. m. s.
2000:1, 10mV-5/iV/div (on MS6). front panel preset 
for calibration.
10/jV, lOOpV, lmV and lOmV 
2mm and 5-pin DIN socket.
3.0 OPERATION
3.1 Connections
The power and signal connections to the module are made through the printed circuit 
connector at the rear. The pre-amplifier is connected through a flexible multi-core cable to a DIN socket 
on the AA6 front panel. The electrode may be connected to the pre-amplifier probe through 2mm sockets 
or a 5-pin DIN socket.
The two signal leads from the electrode are connected to the red and black Sockets or to 
pins 1 and 2 of the DIN socket. A positive signal at a red socket or pin 1 will chuse an upward deflection 
of the trace. Screens, guard rings and earths are connected to the green socket or pins 3, 4. and 5 of the
AA6/1
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DIN socket. An additional 4m m  socket is provided for earth connection. Although alternative types o f 
input socket are provided on the p re -a m p lifie r to enhance ve rsa tility , only one electrode should be 
connected at any one tim e  and only one connection should be made to each colour.
TABLE 3. 1 PRINTED CIRCUIT CONNECTOR - Contact A llocations
Contact Service Notes
2 +28V I/P Unstabilised
3 OV HC I/P Return for d .c . currents
4 +12V I/P Stabilised
5 OV LC I/P Return for signal currents
6 -12V I/P Stabilised
7 CAL in I/P 470mV squarewave at sweep frequency (±10m V)
9 IN T I/P Signal input from  w ith in  system
11 + GATE I/P High (+12V) during sweep, low (OV) during flyback
13 Footswitch I/P Short c ircu it to OV when footswitch is operated
17 Y Sig O /P Output signal selected by E X T /IN T /A A 6  switch
18 Gain setting O/P Incremental steps from +10-5V d .c . to +0-5V d .c .
ind ication in  IV  steps ind icate  gain settings from  0 01V /d iv  to
5pV /d iv respectively.
19 D irect O/P O/P AA6 output unaffected by E X T /IN T /A A 6  switch
21 Y Sig O /P Output signal selected by E X T /IN T /A A 6  switch
24 EXT I /p Signal input from external source
Contacts not listed are not used in this module but may be connected in the PCB socket.
TABLE 3 .2 FRONT PANEL DIN CONNECTOR - Pin A llocations
Pin Service Notes
1 CAL out O/P C alibration signal to p re -am p lifie r
2 and 6 OV O /P DC and signal return
3 Signal I/P Signal input from  p re -am p lifie r
4 +11V O/P Stabilised
5 -11V O /P Stabilised
3 .2 Controls
A jC-AMPUFIER GAIN
Fig. 3 .1  AA6 M k .I I I  AC A m p lifie r with P re -A m p lifie r PA62
iA6/2
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X. GENERAL
The MR-10/30 Cassette Data Recorders have been designed to 
record and reproduce 4-channel/7-channel analog signals 
through a compact cassette tape.
The data recorders provide various control functions 
including a self-diagnosis function., using a micro­
computer; these functions permit highly reliable re­
cording and reproduction of measurement data irrespec­
tive of indoor and outdoor applications.
In addition, the data recorders have tape compatibility 
as shown below. Data analysis and processing can be 
efficiently performed by fully taking these advantages 
of the data recorders when recording or reproducing the 
data.
Model MR-10 R-80 FM WIDE GI
MR-10 FM INTER BAND Model R-80, Model R-60, and
Model R-61
Model MR-30 Model R-81 and Model R-71
2. FEATURES
° 4-track/4-channel Cassette Data Recorder (MR-10), and 
7-track/7-channel Cassette Data Recorder (MR-30)
o
The MR 10/30 data recorders has six tape speeds: 38 cm/ 
sec, 19 cm/sec, 9.5 dm/sec, 4.8 cm/sec, 2.4 cm/sec,
and 1.2 cm/sec.
° A microcomputer is used for multifunctions and 
compactness.
- 1 -
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° The self-check function is to check for proper 
operation.
° A pointer meter and a bar meter have been built in 
to ensure recording and reproduction monitoring.
° A counter search stop feature is available to stop a 
cassette tape at any desire point.
° Pushbutton switches, which are very easy to operate, 
have been used throughout the control system.
° LEDs light to indicate individual channels monitored.
° Three types of power supply, the AC types(AD-52 for 90 to 
130 VAC, and AD-54 for 190 to 250 VAC) and DC type(AD-53 
for 11 to 30 VDC), are available.
Customers may choose from among these varied power 
supply units which one is best for their purposes.
° The electronic tape counter assures highly accurate 
counting.
° A low voltage detection alarm has been included to 
indicate a drop in DC power supply voltage.
° The voice recording indicator ensure secure voice 
reording.
° The data recorder can include the GP-IB feature (option).
- 2 -
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